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1 Introduction
Driven by their unique properties, such as a theoretically complete coverage of the visible
spectrum and a high temperature and chemical stability, group III nitrides have gained
a lot of attraction in the past 15 years. Commercially, the largest market is white
light emitting diodes (LEDs), realized by a blue indium gallium nitride (InGaN) LED
and a phosphor, emitting yellow and green light. The demand for white LEDs was
first driven by mobile devices such as phones and notebooks, and later on especially
by LCD TV backlighting. It is believed that gallium nitride (GaN) based LEDs will
significantly reduce the amount of energy which is needed for general lighting. But
to become accepted over conventional light bulbs, manufacturing cost still have to be
significantly reduced, including the cost related to epitaxial growth. As estimated by
the U.S. department of energy, cost reduction by a factor of 5 from 2013 to 2020 is
needed [1]. Since metal-organic vapor phase epitaxy (MOVPE) is the method of choice
for deposition of group III nitrides on an industrial scale, the required cost reduction
demands, among other things, for a higher throughput per MOVPE tool. This can be
achieved by shortening the growth time of an LED, e.g. by higher growth rates and by
scaling up the MOVPE tools itself to coat more or larger substrates at the same time.
Both, scaling up (horizontal) reactor size and increasing growth rate are limited by
parasitic reactions in the gas phase between the metal-organic (MO) precursors and the
group V precursor, ammonia (NH3). For horizontal systems, like the planetary reactor,
an extension of reactor size is accompanied by a scaling up the of total gas flow. As
the residence time of precursors is a function of reactor radius, parasitic reactions will
be pronounced for longer residence times and absolute residence time. As the reactor
volume rises quadratically with radius, the carrier gas and thus gas consumption will
scale also in a quadratic way to maintain the same residence time. Finding a way to
suppress parasitic losses may open up an alternative increase growth rate and reactor
radius without scaling carrier gas consumption in a quadratic way.
For the growth of silicon carbide (SiC), it is known that adding hydrogen chloride
(HCl) to the gas phase is beneficial for achieving high growth rates. Adding HCl to
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the gas phase can suppress the formation of gas phase particles and show beneficial
influence on surface morphology [2, 3, 4]. Silicon gas phase particles are etched and
converted into silicon chlorides. By this, these recycled precursors can contribute to
growth and the overall growth rate is increased. First experiments on adding HCl to a
MOVPE process have been conducted for MOVPE growth of gallium arsenide (GaAs)
and related alloys (in the absence of NH3) [5, 6, 7]. Due to the fact that parasitic gas
phase reactions for the growth of GaAs are much less pronounced than for the growth
of GaN, no impact on growth efficiency is reported. So far, there are no reports on
adding HCl to a conventional group III nitride MOVPE process. This is related to the
use of NH3 as nitrogen precursor. HCl and NH3 form ammonium chloride (NH4Cl),
which condensates on cold reactor walls or gas inlets as a powder. Above 320◦C (at
atmospheric pressure), NH4Cl sublimes back to NH3 and HCl. For the growth of GaN,
Kryliouk et. al. described a custom-built hot-wall reactor, which enabled to convert
trimethyl gallium (TMGa) by a reaction with HCl into GaCl [8, 9]. TMGa and HCl
were fed into a pre-reaction chamber, upstream of the actual growth chamber, allowing
to control the temperature of this pre-reaction. After this conversion of TMGa into
GaCl, the latter is transported towards the substrate and a conventional hydride vapor
phase epitaxy (HVPE) growth process is performed.
For this thesis, a new prototype hot-wall multi-wafer planetary research reactor is
used. By controlling the ceiling temperature in the same range as that of the susceptor,
any condensation of NH4Cl can be avoided and this allows feeding HCl into the reactor
during growth of group III nitrides in the presence of NH3. In this system, it is possible
to monitor the influence of HCl on parasitic losses when increasing growth rate or reactor
pressure.
Additionally, a reduction of costs can be achieved by increasing the productivity of
MOVPE reactors. Throughput can be enhanced by automatic robot loading of sub-
strates into the reactor. To avoid an ex-situ cleaning of reactor parts, an in-situ cleaning
procedure between each or several runs is mandatory. Fluorine-based etchants as SF6
used in silicon industry for reactor cleaning are not applicable due to the materials, e.g.
quartz, which are used in MOVPE reactors. HCl can be considered to fulfill the re-
quirements as an etchant, as volatile gallium chlorides can be formed, but no systematic
study and chemistry has been published so far.
Another growing field of interest for group III nitrides are LEDs, emitting in the (deep)
ultra violet (UV) region, for water and air purification as fields of application. Due to
its high band gap of 6.2 eV, AlN fulfills the requirements of a deep-UV transparent
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material. Best UV LED device performance is achieved on AlN substrates, due to a
low dislocation density of these substrates [10, 11]. But so far, AlN single crystals are
only available in a a very limited number and only with a diameter ≤ 2 inch. Therefore,
heteroepitaxy of AlN on α-Al2O3 (sapphire) is of great interest as Al2O3 offers an even
larger band gap of ≈ 9 eV [12]. To deal with the lattice mismatch between α-Al2O3
and AlN, a nucleation layer typically serves as a transition layer. In literature, a wide
range of process conditions like V/III ratio and temperature are reported, without a
clear trend how these conditions affect subsequent buffer growth. Further, it has been
observed that reactor pre-conditioning like reactor coating or cleaning can influence the
nucleation layer properties in a decisive way. Unfortunately, such information is usually
either not provided in scientific publications or hard to compare due to different reactor
geometries or designs. To understand the nucleation process on α-Al2O3, reproducible
starting conditions have to be assured. One approach to obtain such starting conditions
is to clean the reactor before every experiment and remove any residual depositions.
Beside the capability to control the ceiling temperature, the hot-wall system is equipped
with a susceptor and ceiling coated with tantalum carbide (TaC) and sufficient heating
power to reach setpoints of 1650◦C. A removal of any parasitic deposits is therefore pos-
sible, by the assistance of HCl or by a high temperature (≥ 1450◦C) treatment under
hydrogen (H2). With this, any contamination by an ex-situ wet etch can be excluded
in a reproducible way. This procedure assures defined nucleation conditions. The high-
temperature capability renders the hot-wall reactor well suited for the growth of AlN
and other Al-containing alloys. For the growth of AlN – due to the low mobility of
Al-adoms –, high growth temperatures are required to achieve a high crystal quality and
good surface morphology.
This thesis is structured as follows: In chapter 2, fundamentals on group III nitrides,
theoretical basics and characterization methods are discussed, followed by a detailed
description of the hot-wall reactor (chapter 3) and growth of GaN by a conventional
MOVPE process in chapter 4. In chapter 5, the growth of GaN, AlN and AlGaN by
MOVPE in the presence of HCl is presented. In chapter 6, etching mechanisms of HCl
with GaN and AlN and the impact of process conditions are discussed. In chapter 7, a
comprehensive study on impacts of reactor condition and substrate treatment on AlN
nucleation on α-Al2O3 is presented. Chapter 8 summarizes the entire work, and con-
cludes with an outlook.
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2 Fundamentals
2.1 Properties of group III nitride semiconductors
Group III nitride semiconductors can appear in a hexagonal wurtzite phase (α-phase),
a cubic phase (β-phase), which is metastable, or in a rocksalt structure. As the rocksalt
structure can only be formed under elevated pressure (52 GPa [13]), group III nitrides
preferably crystallize in the wurtzite structure [14]. The wurtzite crystal structure is
a hexagonal crystal system, which consists of tetrahedrally coordinated atoms. These
tetrahedra are stacked in a ABABAB pattern in [0001] direction (see Fig. 2.1) and is
described by an AaBb stacking of atoms. The wurtzite structure can be characterized
by the lattice parameters a and c and is made up by two hexagonal close-packed lattices
which are displaced from each other along the c-axis by 3/8 of the c lattice constant (see
Fig. 2.1). The [0001] direction (positive c axis) is defined by a vector pointing from the
metal atom to a nearest-neighbour nitrogen atom in c-direction. The vector pointing in
[0001] direction is defined as metal-polar and in [0001] direction as N-polar.
Because of the large binding energies between the atoms, the wurtzite structure is
chemically and mechanically very stable. The difference between the electronegativity
of metal-atoms and nitrogen causes a displacement of the electrons towards the nitrogen
atoms. This induces a heteropolar bond, a mixture of ionic and covalent bond, which is
dominated by the covalent part [15].
The displacement towards the nitrogen atoms leads to formation of micro-dipoles.
Due to the lack of an inversion center, these dipoles add up to a macroscopic sponta-
neous polarization PSP in c-direction. This remanent spontaneous polarization is one
protruding property of group III nitrides and has important influence on the electrical
properties of these semiconductors. Besides the spontaneous polarization, a piezoelectric
polarization PPE exists, caused by tensile or compressive stress along the c-axis and a re-
sulting distortion of the crystal lattice. The orientation of the piezoelectric polarization
depends on the crystal orientation (N or metal face) and on the applied stress (tensile
or compressive).
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Figure 2.1: Crystal structure of group III nitrides in a ball-stick model. The red arrows
indicate the vector pointing from the metal atom to the nearest nitrogen
atom in c-directions.
Table 2.1 comprises some properties of group III nitrides and the commonly used
substrate α-Al2O3.
AlN GaN InN α-Al2O3
Lattice parameter a (nm) 0.3112 0.3189 0.3545 0.4759
Lattice parameter c (nm) 0.4982 0.5185 0.5703 1.2991
Bandgap Eg (eV) 6.14 3.44 0.7 ≈9
Bond energy (eV) 2.74 2.45 2.08 -
Thermal expansion
coefficient in a-direction (10−6K)
2.9 3.8 - 8.1
Table 2.1: Material properties of group III- nitrides and α-Al2O3, taken from [16, 17, 18,
15, 19, 12]
2.2 Growth of III Nitrides
2.2.1 Hydride vapor phase epitaxy (HVPE)
Hydride vapor phase epitaxy (HVPE) has been the first method to grow GaN films [20],
before GaN growth was demonstrated by MOVPE [21]. The Ga precursor, gallium
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chloride (GaCl) is formed by a reaction between HCl and liquid gallium. For this,
gaseous HCl is flowing over a heated (T≥ 800◦C [22, 23]) crucible with gallium and
GaCl is formed via reaction 2.1:
2 HCl(g) + 2 Ga(liq) → 2 GaCl(g) + 2 H2 (2.1)
The conversion of Ga to GaCl by this reaction is highly efficient and above 95% of HCl
is converted to GaCl [24].
The two other possible Ga halides, GaCl2 and GaCl3, decompose at typical HVPE
temperatures to GaCl, so that GaCl is the dominant species [25]. To avoid condensation
of GaCl on reactor surfaces, typically all reactor walls are at least kept at the Ga source
temperature. As nitrogen precursor, ammonia (NH3) is used. GaN growth is performed
under excess NH3 conditions, necessary due to a high pyrolysis temperature of NH3 [26].
Even at elevated temperatures of 1100◦C, only 4% of NH3 decompose and provide atomic
nitrogen for growth. Typically, a V/III ratio of ≤ 200 and atmospheric pressure are used.
By reaction of GaCl with NH3, growth of GaN occurs:
GaCl + NH3 ⇀↽ GaN + HCl + H2 (2.2)
Considering that GaN growth by HVPE takes place close to the thermodynamical
equilibrium, the direction of equation 2.2 can be controlled by changing the partial
pressures of the reactants and temperature. For HVPE of GaN,therefore mainly N2 is
used as carrier gas.
Due to the nature of the halide precursor, no carbon is delivered during growth.
As a consequence, films grown by HVPE feature a very low carbon impurity level.
HVPE GaN films typically feature a carbon background below 1×1016cm−3 [27, 28]. A
further advantage of HVPE is the fact that GaCl and NH3 do not form an adduct or
undergo parasitic reactions which end in nanoparticle formation in the gas phase. So
the partial pressure of GaCl can be increased and high growth rates are obtained by
HVPE, exceeding 100 µm/h. A comprehensive study of the growth mechanism can be
found in [29].
For the growth of AlN by HVPE, a very similar approach is used. But here, AlCl3 is
used as precursor and formed by heating Al to 500◦C and a reaction with HCl [30, 31, 32]:
3 HCl(g) + Al(s) → AlCl3(g) + 3
2
H2 (2.3)
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Above 790◦C, the formation of AlCl would be preferred [33], which is not desired due to
a high reactivity of AlCl with quartz, a common material in HVPE reactors. In contrast
to GaCl3 and GaCl, AlCl3 has a higher equilibrium partial pressure than AlCl [34, 30, 31]
and is therefore the dominating gas species. The growth of AlN by HVPE is described
by:
AlCl3(g) + NH3 → AlN + 3 HCl (2.4)
Unlike the growth of GaN, the growth of AlN from AlCl3 is taking place under essentially
non-equilibrium conditions, as the equilibrium constant for reaction 2.4 is negligibly
small [32]. As H2 is not involved in reaction 2.4, growth of AlN by HVPE is not affected
by H2 carrier gas.
2.2.2 Metal Organic Vapor Phase Epitaxy (MOVPE)
Metal organic vapor phase epitaxy (MOVPE) or often referred as metal organic chemical
vapor deposition (MOCVD) has become the enabling technology to deposit thin films of a
large variety of compound semiconductors like group III arsenides, group III phosphides,
and especially group III nitrides. MOVPE offers a precise control in the range of sub-nm
layer thickness, a wide doping range, the growth of flat abrupt interfaces, mixing of alloys
as well as gradients in composition and doping profiles. The commonly used precursors
for group III metals are trimethylgallium (TMGa), trimethylaluminium (TMAl) and
trimethylindium (TMIn). During pyrolysis of the trialkyl compounds, dimethyl(Ga,Al)
(DM(Ga,Al)) and monomethyl(Ga,Al,In) (MM(Ga,Al,In)) are formed, which contribute
to growth. The cleavage of the first (Ga,Al)-CH3 bond requires a high activation energy
(table 2.2) and is therefore highly temperature-dependent. The activation energy for
the cleavage of the second CH3 group is much lower. For TMIn, the formation of DMIn
is not observed, it decomposes directly into MMIn [35] with an activation energy of
178.2 kJ/mol. MMIn decomposes further to In with an activation energy of 162 kJ/mol.
Due to the strong bond of the last metal-CH3 bond, it is reported that this bond is
cleaved at the surface by hydrogen radicals or by a reaction with the group V precursor.
By changing process parameters like V/III ratio and temperature, the cleavage of this last
CH3 group can be influenced and therefore the carbon incorporation into the film [36, 37].
The pyrolysis is influenced by the reactor ambient. Hydrogen radicals are required to
form methane with released methyl groups, thus the decomposition in N2 is slower than
in H2. Although NH3 decomposition demands for high temperatures, it has become the
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Activation energy
(kJ/mol)
Reaction (M= Ga, Al) Ga Al
(CH3)3M → (CH3)2M + CH3 247.3 318.8
(CH3)2M → (CH3)M + CH3 148.5 166.5
(CH3)M → M + CH3 324.3 277.4
Reference [38] [39]
Table 2.2: Activation energies given for the decomposition of TMGa and TMAl. M=
Al, Ga.
group V precursor of choice. The high pyrolysis temperature requires an excess supply
of NH3 during growth and a much higher V/III ratio than for the growth of e.g. GaAs.
Compared to arsine (AsH3), the common group V precursor for growth of GaAs, NH3 is
a much stronger Lewis base. TMGa, TMAl and TMIn will therefore undergo a reversible
formation of an adduct of one metal-organic molecule and one or two NH3 molecules
(M=Al, Ga, In) [40]:
M(CH3)3 +NH3 ←→ (CH3)3M:NH3 (2.5)
M(CH3)3 +2 NH3 ←→ (CH3)3M:NH3 ←→ (CH3)3M:(NH3)2 (2.6)
This adduct formation influences the decomposition path and may even result in
a direct reaction of a partially decomposed TM(Al,Ga,In) molecule with NH3 and is
especially considered for TMAl as origin for parasitic gas phase reactions.
In Fig. 2.2, the growth process itself is illustrated. The precursors are transported by
a carrier gas (N2 /H2) towards the substrate and decompose. Due to a concentration
gradient, diffusion toward the substrate surface takes place and material adsorbs on the
surface. As illustrated in Fig. 2.2, the material is either incorporated in the crystal
or desorbs back to the gas phase. During MOVPE, the reactor pressure varies between
25 hPa and atmospheric pressure, depending on film material and desired film properties.
To prevent a decomposition in the gas lines, e.g. the decomposition for TMGa starts
below 300◦C, a much lower temperature for the gas inlet is needed and the gas inlet is
water-cooled. Although kinetic barriers for MO precursor decomposition, growth at the
vapor-solid interface is considered to be close to equilibrium [41].
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Figure 2.2: Visualization of film formation during MOVPE.
2.2.3 Parasitic gas phase reactions during MOVPE
Relatively high partial pressures of TM(Al,Ga,In), high growth temperatures and long
residence times inside the reaction chamber – up to several seconds – cause parasitic
pre-reactions in the gas phase during growth of group III nitrides. These reactions
ultimately lead to formation of nano-particles, which act as a sink for growth species and
influence the deposition rate and deposition profile on the substrate. Also, if ternary and
quaternary materials are grown, the material composition is affected due to unbalanced
consumption of group III species. These reactions were investigated experimentally, e.g.
by Creighton et al. [42, 43], and also accounted for in modeling of the growth mechanism,
e.g. by [44, 45, 46, 47, 48]. Creigthon proposed two pathways [43] for particle formation,
one noted as ’radical pathway’ for TM(Ga,In) and the other as ’adduct pathway’, which
is the favored reaction path for TMAl. In the ’radical pathway’, TMGa molecules
release CH3 radicals and decompose to DMGa and MMGa. In this ’radical pathway’,
MMGa may react in the gas phase with other MMGa molecules to form Ga-containing
clusters which can further act as nuclei for parasitic CVD growth in the gas phase or just
consume further Ga-containing by-products by adsorption. An analysis of the particles
which evolve during growth of GaN showed almost no crystallinity, but the presence of
Ga [43]. For TMAl (’adduct pathway’), the initial process of parasitic reactions is a
methane (CH4) elimination reaction step of the stable TMAl:NH3 adduct, forming an
amide molecule, like (CH3)2Al−NH2. These AlN-containing molecules can form dimers
and trimers. Followed by further methane elimination steps, these molecules act as
10
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nuclei for parasitic particle growth in the gas phase [43]. Particles formed during growth
of AlN have a faint crystallinity. The different reaction paths might be the reason
why gas phase nucleation is more pronounced when TMAl is present in the gas phase.
Both reaction pathways will be referred to as gas phase nucleation (GPN). Due to the
large total surface area of these particles, a small particle density in the gas phase is
sufficient to influence the deposition on the substrate strongly [42]. GPN is the origin
of constraints for growth parameters such as reactor pressure and of growth rate. E. g.
the maximum achievable growth rate depends on reactor pressure and on the partial
pressure of the MO precursors. The point of growth rate saturation can be further
pushed to higher pressures by optimizing the design of a MOVPE tool [48], but cannot
be avoided completely. E. g. carbon incorporation in GaN can be controlled by reactor
pressure [36, 49, 37] and therefore a wide pressure range is desired. For epitaxial lateral
overgrowth, facet growth can be controlled by altering the reactor pressure [50].
GPN can be indirectly observed in a horizontal system, by making use that local
growth rate and local residence time are functions of the reactor radius (see section 3.1).
Typically due to the reaction chain and time constant for GPN to develop losses, GPN
occurs at the downstream part of the reactor, indicated by a nonlinear decline of local
deposition rate. A process with high total flow rate at low pressure and low partial pres-
sures of the MO can serve as a reference process without significant GPN. A comparison
of the depletion curve with an investigated one, e.g. at higher pressure can identify
GPN [48].
2.2.4 Growth kinetics
As illustrated in Fig. 2.3, (hetero-) epitaxy can generally be classified into three different
growth modes, layer-by-layer growth, termed Frank-van der Merwe (FM), and purely
three-dimensional growth of islands, called Volmer-Weber (VW) mode. The third mode,
Stranski-Krastanov (SK) growth mode, is characterized by a wetting of the substrate
and initial layer-by-layer growth (one to a few monolayers). When exceeding a critical
thickness, e.g. caused by lattice mismatch and strain, islands are formed. Further growth
will take place on these island, which may coalescence with increasing film thickness.
The occurrence of the dominating growth mode (FM or VW) depends for homoepitaxy
mainly on the surface diffusion length of the ad-atoms arriving on the surface. For
heteroepitaxy, also the lattice mismatch and the wettability of the substrate with the
growth species have to be considered. The surface diffusion length λS, is the travel
distance of an ad-atom or molecule arriving on the surface, before it eventually desorbs
11
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Frank-van der Merwe (FM) Volmer-Weber (VW) Stranski-Krastanov (SK)
Figure 2.3: Growth modes, possible for Heteroepitaxy. Layer-by-layer growth (FM), for-
mation of islands (VW) or a layer-by-layer growth which shows a transition
to island growth after a critical layer thickness (SK).
or is incorporated into the crystal. λS can be described as [41]:
λS =
√
DSτS =
√
DS,0 · e
ESD
kBT τS (2.7)
where DS is the diffusion coefficient, τS is the lifetime on the surface, DS,0 is the
temperature-independent, but material-dependent diffusion coefficient, ESD the diffu-
sion activation energy, and kB is Boltzmann’s constant. The lifetime τS is either limited
by the incorporation time or the desorption rate of ad-atoms from the surface. As the
incorporation time is given by the growth rate, it is a function of impinging material flux
towards the surface. By increasing the flux, the growth mode can be altered from a FM
growth towards a VW one, or vice versa. Similar effects can be observed by changing
growth temperature, as it is obvious from equation 2.7. The other limit is given by the
the desorption rate and can also be temperature-depending. Further, the desorption
rate can be influenced by total impinging material flux. The diffusion activation energy
is determined by the Ad-atom and the surface itself. For the growth on different nitride
surfaces, a comprehensive overview can be found in [51].
For heteroepitaxy of group III nitrides on α-Al2O3, typically substrates exhibiting a
miscut are used. This miscut defines surface steps and their density. For FM growth,
these vicinal surfaces cause a finite terrace width, which is terminated with a surface
step. Ad-atoms will travel to these surface steps edges and are incorporated into the
film due to a reduced surface energy at these steps. For step-flow growth, these steps
propagate orthogonally to the growth direction and steps with height of an atomic layer
are observed (Fig. 2.4). When λS is exceeding the terrace width, ad-atoms can diffuse
from one terrace to another. When an atom diffuses across a step, it faces an energy
barrier. The impact of an energy barrier on step motion has been first modeled by
Schwoebel [52] and is known as Ehrlich-Schwoebel (ES) barrier. Three possibilities, ES
12
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Ad-atom
Substrate 
terrace width
Ln Ln+1 Step n+1
Step n
Figure 2.4: Illustration of step-flow growth.
=0, ES<0 and ES> 0 have to be considered, which will influence the surface morphology
as summarized in Fig. 2.5.
ES = 0
No preferred diffusion 
direction at step
(a)
ES > 0
Repulsion of ad-atoms at step
(b)
ES < 0
Preferred diffusion of ad-atoms 
to lower terrace
(c)
Figure 2.5: Illustration of impact of ES barrier on surface morphology [53].
(a) without Ehrlich-Schwoebel barrier.
(b) positive Ehrlich-Schwoebel barrier.
(c) negative Ehrlich-Schwoebel barrier.
For a perfect surface, a uniform terrace width distribution can be assumed and the
impinging flux from the gas phase is equal on all terraces. Therefore all steps advance
with the same speed. When a step n is incidentally advancing with a lower speed
and no ES barrier is assumed, the terrace width Ln is decreasing and therefore Ln+1 is
increasing. Due to the decreased Ln terrace area, the growth speed of this terrace is
further reduced. This will lead to an uneven distribution of terrace width and surface
steps with increasing film thickness, see Fig. 2.5(a).
When the ad-atom faces a positive ES barrier at a step downwards, it will experience
a repulsion and not diffuse downwards. Material will be only incorporation at the edge
step upwards, which arrives on the terrace next to the edge step. If a step n advances
with slower speed than step n+1, the terrace next to it (n+1 ) will increase in width.
More material is impinging on this terrace and therefore increasing the advance speed
of the edge step n. This leads to a stabilization of terrace width (Fig. 2.5(b)).
For a negative ES, atoms will preferred diffuse from the upper terrace n downwards and
attachment at step n will occur mostly by material supply from the upper terrace. If
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now the step n advance with a lower speed than step n+1, the terrace width Ln+1 will
increase and thus the speed of step (n+1 ) further. By this mechanism, no stable step
flow will occur on the surface but step bunching [53, 54], Fig. 2.5(c). Terraces will merge
until λS is smaller than the new formed terrace width and diffusion to a lower terrace is
not likely.
2.3 Sapphire as a substrate for AlN
Beside the optical properties of AlN, its highly insulating properties makes it well suited
as a buffer layer for electronic devices like planar heterostructure field effect transistors
(HFET). AlN single crystals are nowadays becoming available, but so far only in very
limited quantities and only with a diameter ≤ 2 inch. Therefore, heteroepitaxy of AlN
on α-Al2O3 is of great interest. Al2O3 offers even a larger band gap of ≈ 9 eV [12] and is
therefore transparent in the deep-UV region. The α-Al2O3 crystal in c-direction can be
described by a sequence of three repeated planes as illustrated in Fig. 2.6(a). It consists
of a stacking of Al – O – Al.
]1100[32OAl
]0001[32OAl
O
Al
Al-2
Al-1
Al-3
O-1
O-2
(a)
Al2 O3
AlN
Al2 O3 [1100]
AlN [1210]
Al2 O3 [1120]
AlN [1010] AlN
a
32OAl
a
30°
(b)
Figure 2.6: (a) Cross-section of the sapphire crystal structure with an Al termination.
(b) Top view of the sapphire and the epitaxial relationship of AlN with a 30◦
rotation of both unit cells.
Due to this stacking sequence, three different surface terminations are possible, either
an oxygen termination, an Al termination or an Al-Al termination.
When H2 or H2O is present, a hydrogen-terminated surface is the most likely termina-
tion, by forming AlO(OH) on the topmost layer [55, 56]. This termination leads to an O
termination. Theoretical calculations predict that above 920 K, OH molecules start to
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desorb and an Al-terminated surface is obtained [56]. Unfortunately, no reports on the
surface reconstruction and termination under typical MOVPE conditions are available,
but an Al-terminated surface is assumed to be the dominant termination. When com-
paring the lattice constants in a-direction of AlN and α-Al2O3 (see table 2.1), the large
lattice mismatch is apparent. A 30◦ rotation between both lattices occurs (illustrated in
Fig. 2.6) reducing the lattice mismatch for AlN on α-Al2O3 to 13.3% [57], but still the
lattice mismatch is tremendous. This mismatch and the poor wetting of α-Al2O3 by Al
(contact angle θ of 96.7◦ of Al on α-Al2O3, at 1150◦C [58]) will cause VW growth, with
nuclei preferentially formed at surface defects or steps.
2.4 Growth of AlN on sapphire
To deal with the lattice mismatch between α-Al2O3 and AlN, a nucleation layer typically
serves as a transition layer. Here, the nucleation of AlN on α-Al2O3 will be discussed.
In the very first stages of growth on the substrate, ad-atoms from the gas phase have
to arrive on the surface and to form clusters with other arriving atoms. Once a critical
cluster size of atoms is established, these clusters can be considered as nuclei for further
growth [59]. The rather low diffusion activation energy of 0.73 eV [60] for Al on α-Al2O3
allows Al atoms to move on the surface. Once Al atoms reach an AlN nucleus, the
surface activation energy as well as the wetting angle changes. ESD for Al on AlN is
reported to be 1.2 eV [61] and the wetting angle for Al on AlN is reported to be reduced
to 40◦ [62]. Therefore Al will be adsorbed on AlN islands. Island formation is also
predicted by [63] from both strain and chemical mismatch considerations. To provide a
defined number of surface steps for nucleation on the α-Al2O3 surface, substrates with a
small miscut angle αS are used. On these vicinal surfaces, terraces and surface steps are
defined and nucleation will occur preferentially on atomic steps due to a locally reduced
surface energy. Once the islands start to coalesce, defects are introduced and tensile
strain will build up.
As the terrace width of the substrate has to be similar to the surface diffusion length
to obtain step flow, for the growth of Al-polar films typically a miscut angle 0◦ < αS ≤
0.3◦ is used. A vanishing would cause a random nucleation, resulting in a rough surface.
On an N-polar AlN surfaces, the diffusion length is much lower and larger miscut angles
are employed to obtain atomically smooth surfaces.
By rising the nucleation temperature, an increased diffusion length [64] and a lower
nucleation site density can be expected. For the growth of an AlN nucleation layer on α-
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Al2O3, a wide temperature range is reported in literature without a clear trend how these
conditions affect subsequent buffer growth. Furthermore, often temperature setpoints
are given which are measured at the backside of the substrate holder. Depending on
reactor geometry, design and calibration of the temperature sensors, these setpoints can
significantly differ from the temperature on the substrate surface, which makes it even
harder to compare to works from other groups. E. g. in [65], a range between 700◦C
and 1130◦C is investigated, in [66] a nucleation temperature of 840◦C is used. Peng
et. al [67] report on nucleation layer growth at 600◦C, 1000◦C and 1160◦C, whereas a
higher temperature seems to be beneficial. To make matters worse, often no information
is given on the polarity of the grown films.
Comparing the growth of AlN to GaN, a major difference is the decomposition be-
havior. For best crystallinity and morphology, metal-polar GaN is grown under H2 and
well above its decomposition temperature. This leads to a Ga-rich surface, enhancing
the mobility of ad-atoms on the surface [68]. For the growth of AlN, such a metal-
rich surface is not observed, resulting in a lower mobility of ad-atoms. Comparing the
ad-atom mobility of GaN and AlN at same temperature, the latter one is significantly
lower. Therefore, a higher growth temperature is required to enable a step-flow growth
mode and prevent island-like growth. Decomposition temperatures of AlN in H2 are
reported [69], but not for typical MOVPE conditions, in which NH3 is present and sta-
bilizing the surface. Further, the process parameters are limited, especially in terms of
pressure due to parasitic gas phase reactions. Also, there is a lack in knowledge how
growth velocity of different crystal facets can be controlled, as it is known for GaN [50].
Typically, the growth temperature is limited by the MOVPE system, or if a high-
temperature setup is used as in this thesis, the maximum reasonable growth tempera-
ture is given by the substrate. α-Al2O3 has a high melting point, but under hydrogen
atmosphere, a reaction with H2 is observed already at around 1300
◦C.
2.5 Polarity of AlN on sapphire
The initial delivery of Al or N species to the α-Al2O3 surface is crucial for the polarity of
the grown AlN film on α-Al2O3. An exposure of the surface by NH3, often referred to as
nitridation, leads to the growth of AlN films with N polarity. When exposing α-Al2O3 to
NH3, the very first oxygen layers are substituted by nitrogen. The underlying Al atoms
experience these nitrogen atoms and N-polarity is established [70]. Recent simulation
work supports these assumption [71, 72] and shows that out-diffusion of O from the first
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layers is indeed taking place.
Depending on the AlN growth direction [0001] or [0001], the surface exhibits different
dangling bonds. For illustration, N-polar and Al-polar films are shown in Fig. 2.7.
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Figure 2.7: Al-polar and N-polar AlN, both N-terminated. The dangling bonds are in-
dicated by red lines.
An Al-polar film, which is terminated by nitrogen atoms, will have three negatively
charged dangling bonds per nitrogen atom. In contrast, an N-polar surface exhibits
only one negatively charged dangling bond per nitrogen atom. When exposing AlN to
potassium hydroxide (KOH) in aqueous solution, AlN will be oxidized by OH− ions,
forming Al2O3 and NH3. Potassium acts as a catalyst [73].
For an Al-polar film, only the very first Al layer is oxidized and the oxide solved
in the solution. By this, a nitrogen termination established. This negatively charged
surface will be highly repulsive for OH− and therefore the Al-polar surface cannot be
etched. For an N-polar film, this electrostatic repulsion is not present, and a high etch
rate of N-polar films is observed. This selectivity in etch rate can be used to determine
the polarity. From XRD measurements, due to the same crystal plane spacing and
same crystal orientation, the polarity cannot be distinguished. A further method to
reveal the polarity are TEM investigations [74, 75]. For N-polar films, usually a highly
columnar growth is observed and a rough surface is obtained. A direct comparison of
the morphology of N-polar and Al-polar AlN films, is shown in Fig. 2.8, taken from [76],
in which N-polar and Al-polar films have been deposited in a stripe pattern.
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Figure 2.8: SEM micrograph (60◦ tilt) of a 600 nm AlN layer with areas of opposite
polarity. The N-polar domain consists of multiple columnar features which
are merely coalesced at the bottom. In contrast, the Al-polar film is fully
coalesced with a smooth surface [76].
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characterization methods
3.1 MOVPE reactors for nitrides deposition
MOVPE reactors can be generally divided into two flow types. One common type
possesses of a vertical flow direction, see Fig. 3.1. The process gases are introduced from
Resistive heater
Group III, N2, H2
Group V , N2, H2
exhaust exhaust
Substrate Substrate 
Figure 3.1: Cross-section of a vertical reactor.
top and stream vertically towards the heated substrate. Typically, group III precursors
and NH3 are separately introduced and mixing occurs in the reaction chamber. For such
kind of MOVPE reactors, the gas injection system is typically kept below 300◦C and
the substrate at elevated temperatures between 600◦C and 1300◦C. By this, a thermal
gradient is developed. Due to the short traveling time between injection and substrate,
the transport of growth species is mainly driven by diffusion. Therefore, the distribution
of growth species is given by the gas injection system and the temperature distribution
of the substrate carrier. A detailed description of such a kind of reactor can be found e.g.
in [51]. Another concept is based on a horizontal flow across the substrate, see Fig. 3.2.
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The metal-organic (MO) precursors are transported by convection trough the reactor,
decompose and then diffuse to the substrate, as illustrated in Fig. 3.2. Caused by a
Figure 3.2: Cross-section and transport phenomena in a horizontal reactor. A depletion
of reactant species results in linearly declining growth rate (gr) profile. The
depletion profile is defined by convection of the carrier gas and diffusion
towards the substrate.
consumption of the MO precursors and pyrolysis of TM(Al,Ga,In), the concentrations
of TM(Al,Ga,In), DM(Al,Ga) and TM(Al,Ga,In) are depleted for higher reactor radii.
From this follows a characteristic profile of growth rate gr as a function of the reactor
radius. When optimized, this depletion profile features a characteristic maximum and
an almost linear decline, see Fig. 3.2. A rotating substrate beneath the linear decline
will give a uniform deposition on substrate. Growth in a horizontal system can be well
controlled by using a multi-level injector. In this thesis, a MOVPE reactor equipped
with a triple-inlet injector is used. NH3 is introduced in the top and bottom and group
III in the middle inlet zone to avoid pre-reactions of group III precursors and NH3,
see Fig. 3.2. By changing the carrier gas flow and the mixture of the gases for each
inlet zone, the transport by convection and also the diffusion can be influenced. The
properties of H2, N2 and NH3 significantly differ in terms of density and molar weight,
see Tab. 3.1 and diffusion of group III species to the substrate is affected when changing
(carrier) gas composition.
Material transport by diffusion can be described in an ideal way by Fick’s law:
J= -D
∂c
∂x
(3.1)
J is the diffusion flux, D is the diffusion coefficient and c the concentration. When
considering diffusion of two different gases A and B, the diffusion coefficient can be
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H2 N2 NH3
Molar mass M (g/mol) 2.02 14.01 17.03
Thermal conductivity κ (W/(m·K) 0.18 0.026 0.024
Density (kg/m3) at 273 K, 1000 hPa 0.09 1.25 0.77
Molecular diameter (pm) 297 375 326
Table 3.1: Material properties H2, N2 and NH3 [77, 78].
described by the Chapman and Enskog theory [79]:
DAB =
1.858 · 10−3T 32
p · σAB · ΩAB ·
√
1
MA
+
1
MB
(3.2)
Here, p is the pressure (atm), M molar mass (g/mol), σAB the average collision diam-
eter (A˚) and ΩAB collision integral. The diffusion is mainly influenced by molar mass
of gas species and the average collision diameter, which increases with molecule diame-
ter. Although diffusion depends on reactor pressure, in an ideal horizontal system, the
depletion profile is not affected by reactor pressure. As the horizontal gas velocity is
inversely proportional to reactor pressure (for a constant total mass flow), by an increase
of reactor pressure, the horizontal material transport is slowed down and in the same
manner diffusion towards the substrate is slowed down.
By only changing total flow, the position of the peak of the depletion profile can be
moved. When increasing total gas flow, due to convection, more MO material is trans-
ported downstream before it diffuses towards the substrate. This influences the position
and shape of the linear region.
Diffusion of MO precursor can be controlled by changing the gas species of the carrier
gas to a one with higher or lower molecular weight and therefore the slope and shape
of the linear region of the depletion profile can be controlled. Exchanging H2 by N2 or
NH3 in the the bottom inlet will slow down diffusion towards the substrate and therefore
group III material will be horizontally transported further downstream into the reactor
before reaching the substrate.
One has to take care that the flows of each inlet match the geometric dimensions of the
injector (e.g. a 1:2:1 pattern) to obtain a symmetric gas velocity at the injector for all
zones to avoid a stagnation point, turbulent flow or backflow in the reactor. Also, the
momenta of the gas species have to be taken into account due to the large difference
in masses of H2, NH3 and N2. An unbalanced flow distribution may otherwise cause
a recirculation in the reactor, which would lead to undesired effects like a nonuniform
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growth pattern or particle generation due to gas phase nucleation.
A derivation of a horizontal reactor is the planetary reactor, first proposed by Philips [80]
and further developed to mass production tools by AIXTRON [81, 82, 46, 48]. It is ba-
sically a horizontal reactor with only one sidewall, the exhaust (see Fig. 3.3). A setup
consists of a main disc, which is in rotation around the gas injector. On this planetary
disc, a ring of satellite discs are rotating on a gas foil (not shown).
SatelliteSusceptor
Rotation
Ceiling
Susceptor
Tripple 
injector
Exhaust
Figure 3.3: Top view of a conventional planetary system.
3.2 Characteristics of the hot-wall system
Figure 3.4: Photography of the hot-wall system in a 6×100 mm wafer configuration.
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Figure 3.5: Schematic view of the reactor is shown. The central level is used for the
metal-organic precursor and carrier gas. The top and bottom levels are used
for NH3 delivery. Proportions do not match reactor geometry.
For this work, a modified AIXTRON multiple-wafer planetary hot-wall research sys-
tem was used, a picture is shown in Fig. 3.4 . This tool was originally used for growth
of SiC, which is usually deposited by hot-wall CVD at temperatures above 1550◦C [3].
Therefore this system is equipped with a tantalum carbide (TaC) coated graphite sus-
ceptor in a 6 times 100 mm wafer configuration (or 10 times 2 inch wafer), inductively
heated by an RF coil. A photography of the system is shown in Fig. 3.4 The ceiling,
also made of TaC-coated graphite, can be independently heated by a second RF coil
which allowed separate control of the ceiling temperature. Both coils are powered by
80 kW generators enabling high-temperature operation up to 1650◦C for susceptor and
ceiling. The reactor is equipped with a Laytec EpiTT in-situ tool to measure the sur-
face temperature and monitor the growth process by reflectrometry at λ = 950 nm and
633 nm wavelengths through a view port hole in the ceiling. A reactor cross-section is
shown in Fig. 3.5. With this setup, it is e.g. possible to keep the surface temperature
constant and to change the ratio of heating power between ceiling and susceptor from
only heating the susceptor to merely heating the ceiling. The values for susceptor and
ceiling temperature are measured by pyrometers at a radius of r = 110 mm from the
respective backsides and the in-situ surface temperature at r = 123 mm. With this
concept of a heated ceiling, the thermal gradient inside the reactor and therefore the
vertical heat flux trough the substrate can be manipulated. Furthermore, the thermal
gradient – compared to a conventional system – can be inverted.
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3.3 Characterization methods
3.3.1 X-ray diffraction
High-resolution X-ray diffraction (HRXRD) can be used to obtain structural information
on crystalline films, such as lattice constants, strain and defect densities. In Fig. 3.6,
the experimental setup of a typical high-resolution X-ray diffractometer is given.
Tilt    
Psi (ψ)
Omega (ω)
Theta (θ) Sample
Rotation Phi (φ)
X-ray 
source
M
ono-
chrom
ator
ω
(2θ)
Detector
Plane of 
interest
Figure 3.6: Experimental setup of a high-resolution X-ray diffractometer.
A monochromated X-ray beam with a wavelength λ is scattered by the sample. The
diffracted beam is analyzed using a detector. Constructive interference for the scattered
beams occurs when Bragg’s law is fulfilled [83]:
n · λ = 2 · d · sin(ω) n = 1, 2, 3, ... (3.3)
D is the lattice spacing and ω the angle between incident beam and the lattice plane of
interest (see Fig. 3.7). To determine the layer quality of group III nitrides, the broadening
of diffraction peaks is analyzed. For these ’rocking curves’, the sample is rotated by ω
and the intensity of the diffracted beam obtained with an open-detector configuration.
The full width at half maximum (FWHM) of this scan type can be used to estimate the
threading dislocation (TD) density in the film. Dislocations can be represents by the
Burgers vector ~b. Its direction and magnitude describe the lattice distortion. In [0001]
orientated films, screw dislocation have a burgers vector in bS=[0001] directions, whereas
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d
2θω
incident 
beam
diffracted 
beam
Figure 3.7: Illustration of x-ray diffraction. When Bragg’s law is fulfilled, constructive
interference occurs.
edge and mixed type ones have a Burgers vector in bE[1120], bM=1/3[1123]. Screw type
and edge type dislocation with the corresponding Burgers vectors are illustrated in
Fig. 3.8.
Figure 3.8: Illustration of a screw type dislocation (left picture) and a edge type dislo-
cation (right picture), taken from [84].
Therefore, screw type dislocations only affect a broadening of lattice distance spac-
ing in c-direction and their density can be estimated by symmetric scans (2θ=2ω), as
the (0002)-reflection. Edge-type dislocations will cause a broadening of asymmetric
reflections as the (1012). Every screw dislocation causes a certain tilt of surface nor-
mal which can collective be visualized by a crystalline film with mosaic structure. The
value of broadening of symmetric reflexes correspond to a macroscopic tilting of crys-
tallines (Fig. 3.9). A broadening of asymmetric reflections refers to a twist of single
crystallines (Fig. 3.9). When assuming pure screw and edge type TD with a random
distribution, an estimation of the TD-density, proposed by Dunn and Koch [85], is valid
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and can be obtained from rocking curve measurements.
[0001][0001] [0001]
Tilt
Substrate
[1100][1100]
[1100]
Twist
[0001]
Figure 3.9: Illustration how tilt and twist of crystallines lead to a broadening of diffrac-
tion peaks.
NS =
β2S
4.35 b2S
(3.4)
NE =
β2E
4.35 b2E
(3.5)
whereby βS and βE are the FWHM values of the (0002) and (1012) reflection of
ω scans. Due to the fact that mixed-type dislocations have a component in c and a
direction, a broadening of both types of reflection will be observed and such a dislocation
will be counted twice. An overestimation of the total TD density is therefore very likely.
A comprehensive overview on X-ray diffraction of group III nitrides is given by Moram
et al. [86].
3.3.2 Atomic force microscopy
Atomic force microscopy (AFM) is used to characterize surface structures with a vertical
resolution below 1 nm. The basic principle of an AFM tool is to probe the surface with
an atomically sharp tip at a characteristic small distance. The height of the tip above
the sample is adjusted by piezoelectric elements with a high precision. The tip itself is
mounted on a cantilever (see Fig. 3.10) and during scanning, a deflection of the cantilever
is detected by a reflected laser beam. This deflection allows to calculate the attractive or
repulsive force between surface and tip. By either scanning at a constant distance above
the surface or a constant force between surface and tip, height information is gained.
For scanning, three different modes are possible: contact mode, non-contact mode and
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LaserPosition-sensitive photodetector
Sample
Cantilever
Tip
Figure 3.10: Experimental setup of an AFM tool.
a derivation of the last one, the tapping mode. In the most common used mode, the
tapping mode, the tip is not in contact with the surface, but the cantilever is oscillating
with its resonance frequency. When moving closer to the surface, van der Waals forces
lead to an attractive interaction. As a consequence the vibration frequency is shifted to
lower frequencies and the amplitude is lower. By monitoring these changes and using a
feedback control loop, the distance between surface and tip is kept constant by height
control through piezoelectric elements. More detailed information can be found, e.g.
in [87]. During this thesis, an AFM from DME, a ’DualScope 95 SPM’ was used and all
scans are obtained in tapping mode.
3.3.3 In-situ reflectometry and white-light interferometry
Film thickness, growth rate and surface roughness can be in-situ monitored by reflec-
tometry. A typical setup is shown in Fig. 3.11. Light of a certain wavelength, e.g.
Incident beamReflected beam
Photo-diode
Semi-transparent
mirror
Laser/
LED
Substrate
Deposited film
Substrate n1
n2
d(t)
Incident 
beam
R1 R2 R3
Figure 3.11: Experimental setup of an reflectometer.
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λ= 633 nm, is impinging on a substrate during growth and the reflected light is mea-
sured by a photo-diode. If the deposited layer on substrate exhibits a different refractive
index than the substrate, n2 6= n1, and is transparent at the used wavelength, inter-
ference occurs due to reflectance at the interface to the substrate and the interface to
reactor ambient. The total intensity of the reflected light is a superposition of all re-
flected beams (denoted as R1, R2, R3). Constructive or destructive interference between
the beams occurs, causing an intensity modulation of the reflected light as a function of
layer thickness, known as Fabry-Perot oscillation [88].
Constructive interference and therefore maximum reflectance occurs for:
2n2d = λm (3.6)
where d is the thickness of the layer and m an integer. As during growth, film thickness
is a function of time d(t), the layer thickness and growth rate can be derived from Fabry-
Perot oscillations, for known refractive index of the grown layer. Further, the maximum
intensity of the reflectance trace can be used to obtain information of surface roughness.
Another application which is taking advantage of interference is white-light interfer-
ometry. For transparent thin films like GaN or AlN, white-light interferometry is a
widely used method for ex-situ film thickness measurements, here the sample is illu-
minated by a collimated white-light beam, Fig. 3.12. Again, constructive interference
Incident lightReflected light
Spectrometer
Semi-transparent 
mirror
White-light source
Substrate
Deposited film
Substrate n1
n2
d
Incident 
beam Reflected  
beams
R1 R2 R3
Figure 3.12: Experimental setup of a white light interferometer.
between the reflected light occurs when equation 3.6 is satisfied. When analyzing the
reflected light with a spectrometer, an intensity pattern as function of wavelength can
be observed. If the refractive index of the film is known and only one layer is measured,
the thickness can be calculated by determining two adjacent wavelengths λ1 and λ2 at
which the intensity shows a minimum:
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d =
λ1λ2
2n |λ1 − λ2| (3.7)
When analyzing an multilayer stack, reflections of the additional interfaces have to be
taken into account. For this thesis, a nanometrics vertex white-light interferometer is
used, which allows for a high-resolution thickness mapping (spatial resolution ≤ 1 mm).
Typically, the thickness was determined evaluating the spectra between λ=450 nm and
λ=750 nm.
For growth rate determination as a function of reactor radius during this thesis, GaN
or AlN layers grown on α-Al2O3 were measured and used as ’pseudo’ GaN (AlN) sub-
strates to monitor the impact of specific growth conditions. When deliberately disabling
substrate rotation and subtracting the thickness profile of the stalled wafer and the
’pseudo’ substrates, a high spatial resolution of the growth rate as a function of reactor
radius is obtained.
3.3.4 Further characterization methods
Optical characterization was performed by photoluminescence (PL) spectroscopy. For
PL spectroscopy, the sample is stimulated by a laser and the emitted light analyzed by
a spectrometer. The used nanometrics white-light thickness mapper is also equipped
with a HeCd (λ= 325 nm) and a Nd:YAG laser emitting at λ= 266 nm. Ternary alloy
composition can be determined by PL [89] as well as impurity-related emission can be
used to quantify impurity density. In this thesis, the intensity ratio between the near-
bandedge (NBE) emission of GaN and emission in the yellow spectral region, referred
to as yellow luminescence (YL), is used. YL can be caused by carbon incorporation [90,
91, 92], as C acts as a deep acceptor. The GaN/YL ratio is obtained by integrating the
area of both peaks. This method does not allow to quantify the carbon level, but to
compare the carbon level within a set of different samples [93].
Carrier mobility and concentration were determined by Hall measurement in van-der-
Pauw geometry [94]. For surface investigation a Nomarski microscope [95] was used.
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4 Growth of GaN in a hot-wall system
4.1 Influence of ceiling temperature on GaN growth
By having the unique feature of an active temperature control for the ceiling, it is of
interest to explore the maximum reasonable temperature. For this, a GaN buffer was
grown on sapphire at 400 hPa and a surface temperature of 1050◦C. For all samples,
a thin GaN nucleation layer at 540◦C surface temperature was grown followed by an
annealing step and growth of 1 µm GaN at 1050◦C surface temperature and a ceiling
temperature setpoint of 830◦C. On top, 3 µm of GaN were grown with different ceiling
temperatures between 830◦C and 1100◦C without growth interruption and having the
same surface temperature and V/III ratio of 1500.
When increasing the ceiling temperature from 830◦C up to 1100◦C, the susceptor set-
point temperature was lowered from 1050◦C to 916◦C to maintain a constant surface
temperature of 1050◦C. As a result, the power ratio ”’ceiling to susceptor”’ changed from
0.12 to 4.6 (Fig. 4.1(a)). For the maximum value, almost all power is transferred into
the ceiling and the substrate is mainly passively heated from above. As a consequence,
the on-satellite temperature profile improves with increasing ceiling temperature. The
difference in temperature between satellite center and edge decreases as illustrated in
Fig. 4.1(b). With higher ceiling temperature, the satellites are mainly heated by radi-
ation at a distance of 2 cm from top. Evaluation of the growth experiments provided
XRD FWHM values of 210 arcsec for the (0002) reflex and 360 arcsec for (1012). These
FWHM values did not change with increasing ceiling temperature, due to identical nu-
cleation layer condition and same growth conditions for the first micrometer of GaN.
AFM measurements show a step-flow growth mode and a low root mean square rough-
ness (RMS) between 0.4 nm and 0.5 nm for 5 × 5 µm2 scans for all samples up to a
ceiling temperature of 1000◦C (Fig. 4.2). For a ceiling temperature of 1050◦C, a higher
RMS of 1.0 nm was observed, but only minor changes in morphology were detected.
Employing the surface morphology as an indicator for surface temperature during
growth, a too high temperature would results in rough surface [41]. For a too low
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Figure 4.1: (a) Temperature settings and power ratio for ceiling temperatures between
830◦C and 1100◦C as well as a constant surface temperature of 1050◦C.
(b) Reduction of the on-satellite disc temperature difference ∆T (center-to-
edge) for a constant surface temperature.
temperature, pits in the layer would be expected. By this it can be assumed that the
same surface temperature was obtained for all samples up to a ceiling temperature of
1050◦C. It was found that the parasitic ceiling coating changes when increasing the
ceiling temperature setpoint from 1000◦C to 1050◦C. The coating altered from a solid
to a more loose coating and became snowflake-like when the ceiling temperature was
further raised to 1100◦C, causing a high level of particles on substrate when opening the
reactor. Therefore, the ceiling temperature was limited for the following experiments on
the growth of GaN to a maximum of 1000◦C.
TCeiling=830°C
RMS = 0.5 nm
TCeiling=900°C
RMS = 0.5 nm
TCeiling=1000°C
RMS = 0.4 nm
1.0µm 1.0µm
4.00 nm
0.00 nm
1.0µm
0 nm
4 nm
Figure 4.2: AFM scans 5 × 5 µm2, RMS roughness for ceiling temperature of 830◦C:
0.5 nm, 900◦C: 0.5 nm and 1000◦C: 0.4 nm, left to right.
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4.2 Impact of flow distribution on layer uniformity
When conducting first experiments on growth of GaN in the hot-wall reactor, a homo-
geneous NH3 distribution was chosen and same NH3 flows applied for the bottom and
top injector zone, see table 4.1. By this flow distribution, the thickness distribution
on substrate exhibited a relative standard distribution of 4 %. When evaluating the
depletion profile, obtained from stalled satellites, it is observed that the characteristic
peak is on substrate, see Fig. 4.3(a). Further, a non-constant decline in growth rate is
observed for higher reactor radii causing the observed non-uniformity.
To improve the thickness distribution, first the impact of total flow on peak position
is investigated. Considering the maximum ceiling temperature of 1000◦C for a GaN
process without generating particles, also the possibility to tune the growth profile was
investigated for ceiling temperatures of 830◦C and 1000◦C. To rectify the non-constant
decline, the impact on NH3 distribution and substitution of H2 by N2 is investigated in
a second series.
Gas species Top inlet zone Middle inlet zone Bottom inlet zone
H2 2.7 slm 21 slm 2.7 slm
NH3 8.9 slm 0 slm 8.9 slm
Table 4.1: Flow pattern for reference process with a ceiling temperature of 830◦C and a
susceptor temperature of 1050◦C.
Starting from the reference curve with a ceiling temperature of 830◦C, the total flow
was decreased by 20 % and the depletion profile peak moved towards the injector and
reached a higher maximum value as shown in Fig. 4.3(a). This also resulted in an even
more non-constant slope of the depletion curve. By increasing the flow, the peak was
pushed further over the substrate, without affecting the tail of the depletion profile but
reducing the maximum value of the peak. To investigate the influence of the ceiling
temperature, the setpoint was raised to 1000◦C. The higher ceiling temperature did not
cause a shift in the peak position, but a higher maximum peak growth rate. Although
one would expect that parasitic growth on the ceiling is enhanced due to the higher
temperature, no change in the tail was observed. This observation lead to the conclusion
that even for 830◦C, the parasitic deposition rate on the ceiling reached its transport-
limited value. The higher peak growth rate on the substrate is caused by enhanced
diffusion due to the higher temperature.
To tackle the peak position and sagging tail profile, the amount of NH3 in the bottom
injector channel was reduced to 0 slm and the NH3 flow for the top increased to 12 slm.
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Figure 4.3: (a) Depletion profile tuning by changing total flow by scaling all carrier and
NH3 flows and increasing ceiling temperature from 830
◦C to 1000◦C.
(b) Depletion profile tuning by changing the gas composition of the inlet
zones for a ceiling temperature of 830◦C.
By replacing NH3 by H2 close to the substrate surface, the MO precursor has to diffuse
through H2, which has a significant smaller molecular volume than NH3. As described
in chapter 3.1 in equation 3.1 and 3.2, material transport by diffusion towards the
substrate is enhanced, as shown in Fig. 4.3(b). Moving the peak towards the injector
allowed increasing the total flow again, without pushing the maximum peak over the
substrate. Using this profile, 5 slm and 1 slm H2 for the middle zone were replaced by
N2 to achieve a higher momentum for the middle zone and to transport TMGa further
downstream in the reactor. As one can see in Fig. 4.3(a), the 5 slm N2 improved the
drop in the linear region in contrast to the 10 slm case, in which most probably gas
phase nucleation caused by recirculation was the reason for the drop in growth rate.
The best profile was achieved by increasing the total flow again by 20 taking the flow
pattern of the 5 slm N2 case. This resulted in a very uniform deposition compared to
the reference with a even increased growth rate for the same TMGa flow and resulted
in a relative standard distribution of 1.7% of the GaN film thickness.
To summarize, by only increasing the total gas flow, the characteristic peak of growth
rate was moved further on the substrate, but without improving the shape of the growth
profile as the tail of the growth profile is not affected. Redistribution of NH3 from the
bottom injector channel to the top injector channel resulted in a enhanced diffusion
of MO precursor to substrate. Therefore the characteristic peak of growth rate moved
towards the injector. A replacement of H2 by N2 in the middle injector channel gave
a less steep decline in growth rate at higher reactor radii, improving the deposition
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uniformity, caused by a slower diffusion and higher momentum. Combining all steps,
allowed to improve the radial deposition profile.
An increased ceiling temperature enhanced diffusion and a decomposition of TMGa
close to the injector without an increased parasitic growth on ceiling, giving an small
improvement in TMGa usage.
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5 HCl-assisted growth
As pointed out in the introduction section, first experiments on adding HCl to a MOVPE
process have been conducted for MOVPE of GaAs. In this chapter, the influence of HCl
during MOVPE of GaN, AlN and AlGaN is investigated, with a focus on the impact on
parasitic losses in the gas phase. Due to the fact that parasitic gas phase reactions for
the growth of GaAs are much less pronounced than for the growth of GaN, no impact
on growth efficiency is reported there, which would allow a comparison to the obtained
results. So far, there are no reports on adding HCl to a conventional group III nitride
MOVPE process due to the reaction between NH3 and HCl:
NH3(g) + HCl(g) ⇀↽ NH4Cl(s) (5.1)
NH4Cl would condense on cold reactor walls or gas inlets as a white dusty powder.
Above 320◦C (at atmospheric pressure), NH4Cl sublimes back to NH3 and HCl [96].
As described in chapter 3.2, the reactor is equipped with an injector, providing three
separate injection zones. This allows delivering NH3 and HCl separately into the reactor
and avoiding a reaction in the gas mixing system. NH3 is only introduced in the top
level, HCl at the bottom level close to the susceptor, as illustrated in Fig. 5.1. The
central zone is used for MO precursor delivery, but also effectively separates NH3 and
HCl near the cold inlet and prevents an instant mixing of N3 and HCl. With this gas
distribution setup, combined with an elevated ceiling temperature above 830◦C, NH4Cl
formation was observed neither in the reaction chamber nor at the water-cooled injec-
tor, enabling the use of NH3 and HCl at the same time. Some NH4Cl was observed in
the process filter, which is downstream towards the reactor pump. Therefore a more
frequent exchange was necessary.
To explore the impact of HCl on GPN, it is utilized that in a planetary system, local
growth rate and local residence time are functions of the reactor radius (see section 3.1
and 4). A process with high flow rate at low pressure and low partial pressure of the
MO precursor serves as a reference process without GPN. A comparison of the depletion
curve or growth rate with the investigated one, e.g. at higher pressure, can identify
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Top NH3
Bottom HCl
Top MO
Top  + H2
 + H2
Susceptor
Ceiling
Substrate
Exhaust
Central  + H2
900°C
1050°C
Cold zone
ClNHSublTT 4.>
ClNHSublTT 4.<
Figure 5.1: Schematic view of the reactor. The central level is used for the metal-organic
precursors and as separation channel between NH3 and HCl. Proportions do
not match reactor geometry. The sublimation temperature for NH4Cl is
320◦C at atmospheric pressure.
GPN [48]. Typically due to the reaction chain and time constant for GPN to develop
losses, GPN occurs at the downstream part of the growth profile, indicated by a nonlin-
ear decline of local deposition rate.
For the growth of GaN, the growth rate is determined by in-situ reflectance measure-
ments at the center of the wafer. Due to rotation of the substrate, a reduction of growth
rate caused by GPN is most pronounced in this area. Also, ex-situ thickness measure-
ments to obtain full depletion profiles over the wafer were carried out on wafers which
were stalled during growth of AlN and AlGaN.
In chapter 2, it has been shown that parasitic gas phase reactions for growth of GaN and
AlN differ significantly in the reaction paths involved. The growth by halides precursors
as used in HVPE also differs for GaN and AlN. The involved chemistry for GaN and AlN
is therefore expected to be different for the deposition of GaN and AlN in the presence
of HCl as well. In the first section, the influence of HCl on GPN during growth of GaN is
investigated and these losses are suppressed by adding HCl. A certain ratio between HCl
and TM(Ga, Al) is found to be necessary for this suppression. The impact of reactor
pressure for this ratio is investigated, and high growth rates at high reactor pressure are
obtained. In the following section the influence of HCl on GaN layer properties such as
surface morphology and carrier mobility is studied. Afterwards, the impact of HCl on
GPN during growth of AlN grown at high temperature as well as low temperature is
monitored. Finally, the effect of HCl on GPN on AlGaN growth is probed and compared
to the growth of the two binary materials.
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5.1 HCl-assisted growth of GaN
By blending HCl to a GaN MOVPE process, several reaction paths for HCl are possible.
Theoretical calculations from Cacallotti et al. [39] show that a reaction of TMGa and
HCl in H2 ambient during the growth of GaAs leads to the formation of GaCl. TMGa
decomposes to MMGa (GaCH3) as for a conventional MOVPE growth and then reacts
with HCl:
GaCH3 +HCl→ GaCl + CH4 (5.2)
GaCl is known from HVPE process conditions to be the most stable GaClx=1,2,3 molecule
(see section 2.2.1), so that further reactions between GaCl and HCl can be neglected.
Under GaN growth conditions, at high temperature and presence of H2, Ga-polar c-plane
GaN is covered by an adatom layer of gallium [68, 97]. Gallium-rich parasitic deposits
on the reactor walls or Ga-containing particles in the gas phase lead to reaction 2.1
during growth. Using the kinetic constants calculated in [39], reaction 2.1 is more than
one order of magnitude faster at typical GaN growth conditions than reaction 5.2 and
therefore assumed to be the dominating one for HCl. This would result in an etching
process of Ga-containing particles by HCl depending on the HCl flow. The formed GaCl
may react with NH3 via reaction 2.2 to GaN and HCl. Also the reverse reaction has
to be considered, a reaction of the growth surface with HCl. This would result in a
reduction of growth rate. For GaN, first a 1 µm thick GaN buffer was grown on c-axis
sapphire after applying a low-temperature GaN nucleation. The GaN buffer was grown
at a growth rate of 2.1 µm/h, surface temperature of 1050◦C and reactor pressure of
p = 400 hPa – without introducing HCl. H2 was used as carrier gas with a total flow
of 72 slm. On top of the buffer, GaN was grown with different conditions to investigate
the influence of HCl on growth rate (see Fig 5.2).
1 µm GaN 
buffer
Growth of GaN 
with and without 
HCl
Al2O3
Growth of GaN 
without HCl,        
2.1 µm/h , 400 hPa
Investigated 
layer
Figure 5.2: Layer stack for experiments of growth of GaN with and without HCl.
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5.1.1 Parasitic gas phase losses
As described in section 2.2.3, the growth rate of group III nitrides is limited by parasitic
gas phase reactions. These limits strongly depend on reactor design, reactor pressure
and residence time of the precursors. To determine the limits of the tool, fixed process
conditions in terms of flow distribution and total flow were used. For first investigations,
the process boundaries in term of growth rate as a function of molar TMGa flow and
reactor pressure were explored. Starting from standard GaN conditions, the molar flow
of TMGa was increased – without adding HCl – until a saturation of the growth rate
was determined by in-situ reflectometry, an overview is given in Tab 5.1. For a total
Sample
Pressure HCl flow TMGa flow
(hPa) (mmol/min) (mmol/min)
#GaN-no-HCl-A 400 – 0.45 - 2.7
#GaN-no-HCl-B 600 – 0.04 - 1.3
#GaN-no-HCl-C 900 – 0.04
Table 5.1: Sample overview growth of GaN without HCl at different TMGa flows and
pressures.
pressure of 400 hPa, the maximum was determined to be 9.9 µm/h at a TMGa molar
flow of 2.31 mmol/min (see Fig. 5.3).
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Figure 5.3: Growth rates achieved for 400 hPa, 600 hPa and 900 hPa for a conventional
MOVPE process without HCl.
For 600 hPa, even a decline in growth rate for a TMGa molar flow above 442 µmol/min
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is observed. For 900 hPa, no deposition on wafer was measured at all which can be
attributed to excessive losses by GPN. The effect of an elevated reactor pressure is at-
tributed to an increased intermolecular collision rate, as well as the large partial pressures
and residence times of the precursors. As a consequence of the enhanced GPN (which
is a non-linear process), the growth rate does not even saturate any more, it decreases
with increasing TMGa molar flow at 600 hPa and no deposition for 900 hPa is observed.
After these experiments at high pressure, a white-yellow dusty powder was observed at
the exhaust ring.
5.1.2 Impact of HCl on GPN
At 400 hPa and a molar TMGa flow of 2.7 mmol/min, the growth rate is far in saturation
(leftmost red point in Fig. 5.3). These conditions were therefore used to investigate the
influence of added HCl. HCl was blended into the gas phase, and it was found that
a small molar ratio of 0.05 of HCl to TMGa is sufficient to suppress the saturation
mechanism. As a result, the growth rate is limited by the input partial pressure of TMGa
and a linear dependency of growth rate on TMGa molar flow is observed (Fig. 5.4).
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Figure 5.4: Comparison of the GaN growth rates for 400 hPa for growth with and without
HCl.
To investigate the pressure dependence of the minimum required HCl-to-TMGa ratio
to suppress saturation, reactor pressures of 600 hPa, 800 hPa and 900 hPa were exam-
ined. A constant TMGa flow of 2.7 mmol/min was fed into the reactor and the HCl flow
was successively increased, see Tab. 5.2.
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Series
Pressure HCl flow TMGa flow
(hPa) (µmol/min) (mmol/min)
#GaN-HCl-1 400 133 2.7
#GaN-HCl-2 600 0 - 357 2.7
#GaN-HCl-3 800 0 - 357 2.7
#GaN-HCl-4 900 0 - 357 2.7
Table 5.2: Sample overview of GaN growth with HCl at different pressures and HCl
flows.
As shown in Fig. 5.5, the growth rate increases with increasing HCl flow until mass
transport limitation is reached. The minimum HCl-to-TMGa ratio required to establish
mass transport limited growth increases with rising pressure, from 0.04 for 600 hPa via
0.07 for 800 hPa up to 0.14 for 900 hPa. At 400 hPa and 600 hPa, a constant ratio of
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Figure 5.5: Growth rate as a function of HCl-to-TMGa ratio at elevated pressures and
a constant TMGa molar flow of 2.7 mmol/min. With increasing HCl flow,
the growth rate increases until it reaches its mass transport limit.
0.04 was required to suppress parasitic losses. For 900 hPa, the required HCl-to-TMGa
ratio raised to 0.14.
For all three different reactor pressures, the HCl-to-TMGa ratio was kept constant and
the TMGa molar flow was increased until the maximum set point of the TMGa source
mass flow controller (MFC) was reached (see Fig. 5.6). A sample overview is given in
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Tab. 5.3.
Series
Pressure HCl:TMGa TMGa flow
(hPa) (molar ratio) (mmol/min)
#GaN-HCl-5 400 0.04 0.45 - 6
#GaN-HCl-6 600 0.04 0.45 - 6
#GaN-HCl-7 900 0.16 0.45 - 6
Table 5.3: Sample overview for a constant HCl:TMGa ratio.
For 400 hPa and 600 hPa, no saturation was observed any more and a linear increase
of the growth rate with TMGa flux was possible up to 26.5 µm/h, as shown in Fig. 5.6.
For 900 hPa and above a TMGa molar flow rate of 4.3 mmol/min, a decline in growth
rate is observed, although HCl is present in the gas phase, indicating that at these
conditions, an even higher HCl to TMGa ratio would be required.
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Figure 5.6: Growth rates achieved for 400 hPa, 600 hPa, 900 hPa. For 400 hPa and
600 hPa, an HCl-to-TMGa ratio of 0.04 was applied, for 900 hPa a ratio of
0.14. For comparison, the growth rates without HCl at 400 hPa and 600 hPa
are also shown.
Due to the fact that at pressures below 900 hPa, a very low HCl-to-TMGa ratio
is effectively suppressing parasitic losses, it can be assumed that the evolution of gas
phase particles is disturbed by HCl at the very beginning by the presence of HCl. HCl
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may react with Ga-rich gas phase particles to form GaCl via reaction 2.1, which does
not form particles [98] with NH3. Further, HCl or GaCl may suppress the clustering
of DMGa or MMGa, which is considered as the initial step for gas phase nucleation
[42]. By disintegrating an oligomer of DMGa or MMGa by one HCl molecule, a low
necessary HCl-to-TMGa ratio can be explained. Additionally, it can be considered that
HCl is recycled by a second reaction. HCl may be regained via reaction 2.2, GaCl reacts
with NH3 to form GaN. By this reaction, HCl is released which can further disturb the
evolution of Ga-containing particles in the gas phase and suppress parasitic losses.
A reduction of growth rate for the same TMGa molar flow was observed with increasing
reactor pressure from 400 hPa to 600 hPa (13.5 µm/h to 12.4 µm/h), which is attributed
to the increased HCl partial pressure which enhances etching of the GaN surface.
To prove the suitability of HCl-assisted growth, samples with different growth rates
and pressures were grown and their thickness profiles, measured by white light interfer-
ometry, compared. For these samples, the same initial buffer growth was applied and
1 µm was grown at 400 hPa without HCl, see Fig. 5.2. Then the reactor pressure is raised
to 800 hPa for sample # GaN-HCl-3-800 and to 900 hPa for sample # GaN-HCl-3-900,
see Tab. 5.4.
Sample
Pressure HCl:TMGa TMGa flow V/III ratio Growth rate
(hPa) (molar ratio) (mmol/min) (µm )
#GaN-HCl-8-A 400 0 0.45 1600 2.2
#GaN-HCl-8-B 800 0.1 0.91 800 4.4
#GaN-HCl-8-C 900 0.12 3.6 207 16
Table 5.4: Sample overview for growth of GaN at different pressures and growth rates.
The growth rate for sample grown at 800 hPa is raised to 4.4 µm/h, by changing the
TMGa flow. An HCl flux of 2 sccm is fed into the reactor, resulting in an HCl-to-TMGa
ratio of 0.1. For the 900 hPa sample, the growth rate is raised to 16 µm/h and an
HCl flux of 10 sccm is used (HCl:TMGa = 0.12). The NH3 and carrier gas flows were
kept constant for all samples. By raising the TMGa molar flow, the V/III ratio was
decreased from 1600 (#GaN-HCl-8-A) to 800 (#GaN-HCl-8-B) and for #GaN-HCl-8-C
to 207. All samples exhibit exactly the same thickness profile, see Fig. 5.7, with the
same thickness uniformity. AFM scans reveal that for a reasonably high V/III ratio, a
smooth surface is obtained. For the sample grown at a growth rate of 16 µm/h, the
V/III ratio is already too low to avoid a rough surface. With an increased NH3 flow, it
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would be expected to obtain a smooth surface for high growth rates. An investigation
of HCl on the layer properties is described in the following section.
Comparing these results of an HCl-assisted growth to the growth rates obtained in latest
MOVPE tool generation, higher growth rates at elevated pressures are possible. E.g.
for an AIXTRON G5 reactor, at 600 hPa already a saturation of growth rate below
10 µm/h were observed [99], for higher reactor pressure (800 hPa) even a lower growth
rate (<5 µm/h) was shown. Therefore, this HCl-assisted approach allows to reduce
growth time and increase throughput without modification of the MOVPE system itself.
#GaN-HCl-8-A #GaN-HCl-8-B #GaN-HCl-8-C
5.00 nm
0.00 nm
1.0µm
10.00 nm
0.00 nm
1.0µm
70.00 nm
0.00 nm
1.0µm
10 nm
0 nm
10 nm
0 nm
10 nm
0 nm
Figure 5.7: Thickness profiles for GaN samples grown (from left to right) at 400 hPa
and a growth rate of 2.2 µm/h (without HCl), 800 hPa with a growth rate
of 4.4 µm/h (2 sccm HCl), 900 hPa with a growth rate of 16 µm/h (10 sccm
HCl). The roughness for a 5 × 5 µm2 AFM scan area was RMS = 1.3 nm
(400 hPa), RMS = 0.9 nm (800 hPa) and RMS = 6.8 nm (900 hPa)
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5.1.3 GaN - effect of HCl below the GPN threshold
In this section, the focus is placed on the impact of HCl during growth of GaN below the
GPN threshold. Again the same growth sequence (Fig. 5.2) is used. After a 1 µm GaN
buffer growth, process conditions are altered and HCl fed into the reactor. The impact
of HCl is investigated for process conditions, at which GPN – even without HCl – is not
present. A low growth rate of 2.1 µm/h and a pressure of 400 hPa are chosen. Thus,
the consumption of HCl due to a reaction with gas phase particles can be neglected and
the impact can be monitored. Here, the impact of different HCl molar flows for GaN
grown at different V/III ratios, realized by reducing the NH3 flow, is investigated, see
Tab. 5.5.
Series
Pressure HCl:TMGa TMGa flow V/III ratio
(hPa) (molar ratio) (mmol/min)
#GaN-HCl-V-III-1 400 0 - 0.5 0.45 1600
#GaN-HCl-V-III-2 400 0 - 1 0.45 300
#GaN-HCl-V-III-3 400 0 - 0.2 0.45 207
Table 5.5: Sample overview for growth of GaN at different V/III ratios.
The impact of different HCl molar flows on growth rate is shown in Fig. 5.8.
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Figure 5.8: Dependency of growth rate at various V/III ratios and HCl:TMGa molar
ratios for a constant TMGa flow and growth conditions at which GPN is
negligible.
As one can see for a V/III ratio of 1600, the growth rate is not affected up to a molar
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ratio of HCl to TMGa of 0.2. For higher ratios, a linear reduction of growth rate is
observed with increasing HCl flow. For a V/III ratio of 300, the amount of HCl was
increased up to a molar ratio of 1:1, still showing a linear slope.
By applying a linear fit, the HCl-related reduction of growth rate was determined and
found to increase with decreasing V/III ratio, see Table 5.6.
V/III ratio 1600 300 150
reduction in growth rate
(nm · µmol · h−1) 131 162 225
Table 5.6: HCl-molar reduction of growth rate determined by the linear decline, shown
in Fig. 5.8, as a function of HCl molar flow.
It has to be noted that the surface of the samples grown with a V/III ratio of 150
deteriorates, regardless of whether HCl is fed into the reactor or not. Due to the impact
of the V/III ratio for identical HCl flows on the growth rate, especially at a V/III ratio of
150, it can be assumed that HCl reacts with the GaN surface forming GaCl. As a result
of the low GaCl partial pressure, GaCl partially desorbs from the surface and consumed
Ga is not incorporated into the film and etching of the film is observed. The higher
virtual etch rate with decreasing V/III ratio can be explained with a decreasing crystal
quality and therefore an enhanced reaction of HCl with the GaN surface. Further, the
formation of GaN may be favored for higher NH3 partial pressures and thus the formation
rate of GaCl is reduced.
A detailed investigation of the etch process is given in section 6.
An investigation of surface morphology and electron mobility of Si-doped GaN (carrier
concentration of 1×1017cm−3) did not reveal an impact of HCl addition. For optical
characterization, the measured intensity of YL and that of the GaN near-bandedge
emission peak were compared and also no impact of HCl detection detected. XRD
rocking curve measurements of (0002) and (1012) reflexes were neither affected by HCl
addition. For (0002), FWHM between 215 and 226 arcsecs and for (1012) FWHM
between 291 and 375 arcsecs are determined. From these characterization methods, no
change in layer properties were observed. By referring to the electron mobility and YL,
no change in carbon incorporation (see section 3.3) was observed and the process behaves
as a conventional MOVPE process, formed GaCl does not contribute to the growth.
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5.2 HCl-assisted growth of AlN
For the reaction of TMAl and HCl in the gas phase, in [39], the following reactions
(for the growth of aluminum arsenide (AlAs)) were considered to be the dominant ones,
which involve a direct reaction between TMAl and HCl:
Al(CH3)3 + HCl→ Al(CH3)2Cl + CH4 (5.3)
Al(CH3)2Cl→ AlCl + 2 CH3
Al(CH3)2Cl→ AlCH3 + CH4Cl
Al(CH3)2Cl + HCl→ AlCl2CH3 + CH4
(5.4)
AlCl2CH3 + HCl→ AlCl3+ CH4 (5.5)
As a competing reaction path, the decomposition of TMAl to MMAl is also considered,
followed by a reaction with HCl, also resulting in the formation of stable AlCl:
Al(CH3) + HCl→ AlCl + CH4 (5.6)
But considering that TMAl in the gas phase will form an adduct with NH3, a different
decomposition path will be chosen and may cause a different reaction between HCl and
TMAl.
The growth of AlN was performed on AlN templates (thickness: 770 nm), which were
grown on sapphire without HCl addition (see Fig. 5.9). The AlN templates were heated
to target temperature while introducing NH3 and H2 into the reactor. HCl and TMAl
have been fed into the reactor, after the desired temperature has been reached.
0.77 µm AlN 
template
Growth of AlN 
with and 
without HCl
Al2 O3
Grown    
without HCl
Investigated 
layer
Figure 5.9: Layer stack for experiments of growth of AlN with and without HCl.
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The influence of HCl during growth of AlN was investigated by using typical process
conditions for AlN. The ceiling set point temperature was raised to 1100◦C and a surface
temperature between 1300◦C and 1310◦C was applied. A total flow of 83 slm including
1 slm NH3 was used. The V/III ratio was set to 400 with a growth rate of 0.45 µm/h
and an initial reactor pressure of 50 hPa. To observe parasitic losses for the growth of
AlN, the reactor pressure was raised from 50 hPa to 200 hPa without changing the total
flow. At 200 hPa, HCl was added during growth and the impact on the depletion profile
monitored, see Tab. 5.7.
Sample /
Pressure Temperature TMAl flow HCl:TMAl
Series (hPa) (◦C) (µmol/min) (molar ratio)
#AlN-no-HCl-HT-50 50 1300 115 0
#AlN-no-HCl-HT-200 200 1300 115 0
#AlN-HCl-HT-200 200 1300 115 0.8 - 6.4
Table 5.7: Sample overview for growth of AlN at a temperature of 1300◦C.
The depletion profiles for 50 hPa and 200 hPa – without HCl – were compared to each
other, as shown in Fig. 5.10. Raising the pressure leads to a significant drop in growth
rate, especially for higher reactor radii, caused by GPN.
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Figure 5.10: Local AlN growth rate for 50 hPa and 200 hPa without HCl.
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HCl was added to the 200 hPa process, and with increasing HCl flow (see Fig. 5.11),
the depletion profile is restored. For the case of an HCl-to-TMAl ratio of 6.4, a slight
increase even above the 50 hPa reference is observed. Therefore it can be speculated
that even at 50 hPa, some GPN occurs without addition of HCl.
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Figure 5.11: Local AlN growth rate for 50 hPa (reference – black line) and 200 hPa
for different HCl-to-TMAl ratios. Without HCl, a drop of growth rate is
observed for 200 hPa. With increasing HCl flow, the depletion profile is
completely restored.
During HCl-assisted growth of AlN, no reduction of growth rate due to etching effects
was observed, which may be explained that even at 1300◦C, AlN does not decompose. No
metal film is present on the AlN surface, which would allow a reaction between HCl and
Al. A much higher molar ratio of HCl to TMAl is required to suppress particle formation
compared to the growth of GaN, which is attributed to the different routes of gas phase
particle formation by TMAl:NH3 adducts. Further, the equilibrium partial pressure of
AlCl3 is higher than the equilibrium partial pressure of AlCl, see chapter 2.2.1, so that
HCl is consumed to form AlCl3. In combination with the fact that gas phase particles
formed during growth of AlN have a higher crystallinity than the particles formed during
GaN growth [43], the etch rate of AlN-containing particles by HCl turns out to be much
lower.
50
5.3 HCl-assisted growth of AlGaN
5.3 HCl-assisted growth of AlGaN
As seen in the previous sections, GaN requires a very low HCl-to-TMGa ratio to sup-
press GPN and shows a tendency to be etched by HCl for higher ratios.
In contrast, AlN demands a much higher HCl-to-TMAl ratio, especially at lower tem-
perature – which will be shown in this section – and shows no signs of being etched by
HCl. Therefore, it is not expected that a HCl-assisted process can suppress GPN during
growth of AlGaN. Etching of Ga(N) is likely to occur before the required HCl-to-TMAl
ratio is reached. Further, the equilibrium partial pressure of GaCl is higher than the
equilibrium partial pressure of AlCl [31]. Therefore, it is expected that HCl is consumed
to form GaCl and an even higher HCl-to-MO ratios would have to be applied to suppress
GPN.
During growth of AlGaN, losses caused by GPN, can be estimated from the Al-related
growth rate distribution. A highly nonuniform Al content in film in the presence of GPN
is expected.
The local Ga distribution may also be affected, due to condensation or reaction of
TMGa with formed gas phase particles, but this impact needs to be experimentally
determined. First the impact of GPN during growth of AlN at typical AlGaN growth
temperature (1050◦C) is investigated (lower than that of AlN) and the impact of HCl
addition monitored.
This is followed by growth of AlGaN, in which the impact of HCl in the presence of
GPN is studied and the assumptions above verified.
5.3.1 Impact of HCl on AlN at AlGaN growth temperature
To observe GPN during growth of AlN at typical AlGaN growth temperatures, the
same growth sequence as in the previous section was used (Fig.5.9), an overview of the
conducted experiments can be found in Tab. 5.8.
Sample /
Pressure Temperature TMAl flow HCl:TMAl
Series (hPa) (◦C) (µmol/min) (molar ratio)
#AlN-no-HCl-LT-50 50 1050 115 0
#AlN-no-HCl-LT-200 200 1050 115 0
#AlN-HCl-LT-200 200 1050 0.45 1.6 - 3.2
Table 5.8: Sample overview for growth of AlN at a temperature of 1050◦C.
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Again, first a depletion profile at low reactor pressure (50 hPa) was obtained. To
observe GPN, in a second run, the growth was conducted at 200 hPa. A surface tem-
perature of T= 1050◦C, with a susceptor setpoint temperature of 1050◦C and a ceiling
temperature of 830◦C was used during these experiments. In Figure 5.12, the depletion
profiles for both growth conditions are displayed. Due to a slower thermal decomposition
of TMAl, the depletion profile is shallower than the depletion profile obtained at high
temperature (Fig. 5.11) and more TMAl transported downstream before it contributes to
film growth. Therefore the concentrations of TMAl, DMAl and MMAl in the gas phase
are relatively higher for higher reactor radii compared to those at high temperature. As
a consequence, these molecules experience a longer residence time in the reactor before
they contribute to film growth Comparing to the HT growth, the deformation of the
depletion profile is more pronounced, when raising the reactor pressure from 50 hPa to
200 hPa caused by GPN (Fig. 5.12). HCl is added to the 200 hPa process, and the HCl
flow is varied, see Tab. 5.8. The impact of HCl for these process parameters (Fig. 5.13)
is not as effective as seen for HT growth. The depletion profile is only partially re-
covered, and when comparing both cases (see. Fig. 5.13) for the same HCl-to-TMAl
ratio, the impact of HCl is much smaller. This may be caused by the higher density of
TMAl/DMAl/MMAl for longer residence times or the diminished reactivity of HCl at
reduced temperature. A further increase of HCl flux may restore the profile as seen for
HT growth but was not investigated. Again, no indication for etching AlN is observed
from the obtained depletion profiles.
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Figure 5.12: AlN growth rate profiles for 50 hPa and 200 hPa without HCl. A drop of
growth rate is observed for 200 hPa. At 200 hPa, different HCl-to-TMAl
ratios at a temperature of 1050◦C are applied. With increasing HCl flow,
the depletion profile is partially restored.
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Figure 5.13: A comparison of depletion profiles at T=1050◦C and T=1300◦C for identical
HCl flows.
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5.3.2 Impact of HCl on GPN during AlGaN growth
To study the impact of HCl during growth of AlGaN, deposition experiments were
conducted on GaN templates. To be able to obtain depletion profiles, growth was
conducted on rotating and on stalled substrates. The growth sequence is shown in
Fig. 5.14 and a sample overview given in Tab. 5.9.
3 µm GaN 
template
Growth of 
AlGaN with 
and without 
HCl
Al2 O3
Grown    
without HCl
Investigated layer
Figure 5.14: Layer stack for experiments on growth of AlGaN with and without HCl.
Sample /
Pressure Temperature MO flow HCl:MO
Series (hPa) (◦C) (µmol/min) (molar ratio)
#AlGaN-no-HCl-75 75 1065 175 0
#AlGaN-no-HCl-200 200 1065 175 0
#AlGaN-HCl-200 200 1065 175 0.25 - 1.53
Table 5.9: Sample overview for growth of AlGaN at a temperature of 1065◦C.
As in the sections for the growth of GaN (section 5.1) and AlN (section 5.2), a reference
sample was grown at low reactor pressure and compared to samples grown at a higher
pressure. The following process conditions were used: TS = 1065
◦C, total flow of 72 slm
and V/III ratio of 4240. A ratio of TMAl/(TMGa+TMAl) = 31.8% was applied for the
reference run (#AlGaN-no-HCl-75). To calculate the growth rate of the AlGaN layer and
thus extract a growth rate profile as a function of the reactor radius, only the thickness
of the total layer stack – including the GaN buffer – was employed. By this, only the
refractive index of GaN is assumed, the thickness of the AlGaN layer is underestimated
as the refractive index of AlGaN is smaller than that of GaN [100]. Taking the refractive
index of Al0.4Ga0.6N (which is the concentration corresponding to the detection limit of
the measurement setup) and GaN for the wavelength used for this measurement [100],
an underestimation of the AlGaN thickness of ≤ 7%, depending on composition has to
be considered. The thickness of the GaN buffer was subtracted, known from white-light
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thickness measurements prior to AlGaN growth. The growth rate of the AlGaN layer as
a function of reactor radius was obtained in this way from stalled substrates. The AlGaN
composition was determined by PL measurements, and by considering the difference in
c-lattice constants of AlN and GaN, separated depletion profiles for AlN and GaN were
calculated.
For the reference at 75 hPa, a very uniform growth rate and an almost identical
composition (on rotating substrates) of solid film concentration (29.5%) on Al gas phase
concentration (31.8%) is observed, as it is displayed in Fig. 5.15. By raising the reactor
pressure to 200 hPa, a drop in growth rate and a slump of Al content on rotating
substrates is visible with a high non-uniformity, most pronounced at the substrate center
(Fig. 5.15).
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Figure 5.15: AlGaN growth rate and Al incorporation in film, determined by PL and
white-light thickness measurements, on rotating 100 mm wafers at a growth
pressure of 75 hPa and 200 hPa without HCl addition.
To separate the (virtual) growth rate for AlN and GaN as a function of reactor radius,
thickness and PL measurements of stalled wafers have been performed and the corre-
sponding growth rate profile has been calculated. By this, the effect of GPN on local
Al(N) and Ga(N) growth rate can be distinguished.
A drop in growth rate is visible for AlN (Fig. 5.16(b)) and, less pronounced, for GaN
(Fig. 5.16(a)).
Introducing 1, 3, 6 sccm HCl into the reactor during growth, which is corresponding
to a molar ratio of HCl:(TMGa+TMAl) of 0.25, 0.76 and 1.53, affects the deposition
profile of GaN (Fig. 5.17). As expected from the previous experiments, the growth
rate is decreasing and the deposition profile deteriorates with increasing HCl flow due
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Figure 5.16: (a) Calculated depletion profiles from PL and thickness measurements of
stalled substrates for GaN in AlGaN for 75 hPa and at 200 hPa.
(b) Calculated depletion profiles from PL and thickness measurements of
stalled substrates for AlN in AlGaN for 75 hPa and at 200 hPa.
to virtual etching of GaN. The deposition profile of AlN (Fig. 5.18) is not affected up
to an HCl-to-MO ratio flow of 1.53. At these conditions, no AlGaN-related peak is
detected in the PL measurement for low reactor radii, which is most probably related
to a too high Al concentration (>40 %) in this area which is not measurable with the
PL mapper. Therefore, no growth rate distribution for GaN and AlN can be given
for these data points. As expected, with increasing HCl flow, no increase in growth
rate can be observed for AlN, indicating that the HCl flow is still too low or a cross-
reaction between TMGa and TMAl causes different parasitic reactions in gas phase. By
the preferred reaction between GaN and HCl, HCl is consumed and not available to
interact with AlN-containing gas phase particles. This preferred reaction and the fact
that for AlN, especially at low temperatures a much higher HCl-to-TM(Al,Ga) ratio
would be required to suppress GPN, it is not possible to suppress GPN for the growth
of a ternary AlGaN alloy, as it is also visible on rotating substrates, see Fig. 5.19. The
non-uniformity in layer composition, caused by GPN, cannot be suppressed. A different
chlorine precursor may behave differently from HCl in terms of etch rate and GPN, but
needs to be tested.
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Figure 5.17: Depletion profile for GaN in AlGaN for 75 hPa and at 200 hPa. For an
increasing HCl flow, a reduction of growth rate is observed.
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Figure 5.18: Depletion profile for AlN in AlGaN for 75 hPa and at 200 hPa. With
increasing HCl flow, no improvement is observed.
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Figure 5.19: (a) AlGaN growth rate determined by white-light thickness measurements
for growth with and without HCl addition on rotating 100 mm wafers.
(b) Al incorporation in film determined by PL for growth with and without
HCl addition on rotating 100 mm wafers.
5.4 Summary
By using a triple gas injector and employing the central injector zone as separation chan-
nel between NH3 and HCl – for the first time – the introduction of HCl in a conventional
MOVPE hot-wall reactor during growth of GaN, AlN and AlGaN was studied. For a
conventional process, limitations in terms of growth rate and reactor pressure were iden-
tified. These limitations were caused by parasitic losses in the gas phase. By keeping a
certain molar ratio between HCl and TM(Ga, Al), it was possible to suppress parasitic
precursor losses without a negative impact on the growth profile. The minimum required
ratio of HCl to TM(Ga, Al) turned out to be pressure- and material-dependent. The
fact that for the case of GaN, only a very low HCl-to-Ga ratio is sufficient to suppress
parasitic losses, allows to assume that the evolution of gas phase particles is disturbed at
the very beginning. It can be assumed that Ga-containing gas phase particles react with
HCl to form GaCl. Further, it was found that HCl lowers the growth rate, when a too
high HCl-to-TMGa ratio is applied or no GPN is present. The reduction of growth rate
of GaN is a function of V/III ratio and likewise the crystal quality of the grown films.
Therefore, the etch reaction of HCl on gas-suspended nano-particles or nuclei should be
preferred to a reaction of HCl and the GaN surface. Gas phase particles have a very
low or no crystallinity [42] and a reaction with HCl is likely. Basic electrical and optical
characterization of Si-doped GaN samples showed no negative impact of HCl, even when
a growth rate reduction was observed.
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The much higher minimum required ratio for the growth of AlN is attributed to the
different nature of gas phase particles. These particles consist of AlN, which is ther-
mally and chemically more stable against HCl exposure. Further, no etching of the film
was observed. These differences in the minimum required HCl-to-TM(Ga, Al) ratio and
etch behavior of HCl on GaN and AlN do not allow to use an HCl-assisted process for
a ternary AlGaN alloy. A selective etching is observed, reducing the Ga content in film,
prohibiting a high HCl flow, which may reduce parasitic losses.
It was demonstrated that an HCl-assisted MOVPE process enables large growth rates
combined with high reactor pressures for binary alloys. With the suppression of parasitic
precursor losses, a much wider parameter space in terms of reactor pressure, growth rate
and total flow is accessible compared to conventional MOVPE.
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Motivated in in section 1, automation of MOVPE reactors is considered to increase
throughput and reproducibility and therefore reduce costs. To establish automation,
among other things such as robot handling, a cleaning procedure has to be established
to remove undesired depositions on reactor walls without exchanging the coated reactor
parts itself.
As depicted in chapter 3.1, in a horizontal reactor, the characteristic maximum growth
rate peak of the depletion profile is upstream of or on the substrate. As a consequence,
parasitic depositions upstream of the substrate cannot be avoided (Fig. 6.1).
Coating left on the upstream parts of the susceptor from previous growth processes
can affect epitaxial growth during a subsequent run. Especially for heteroepitaxy if a
nucleation layer on a substrate like sapphire or silicon is grown, pre-existing deposition
can cause unwanted contamination of the substrate [101, 65] and thus interfere with the
nucleation process. Also, it is reported that some dopants like Mg [102] or Fe [103] cause
carry-over or memory effects. Further, thick depositions on reactor walls may act as a
source of particles. These particles may locally disturb the growth on the substrate and
are not desired.
Susceptor
Substrate
Central MO + H2                          Parasitic 
depositions
Depletion profile
Bottom HCl + H2
Top    NH3 + H2 Growth 
rate
Ceiling
~80 mm
Figure 6.1: Experimental setup for etch experiments. The configuration was changed to
a 10 × 2 inch configuration to extend the entrance zone.
As seen in section 5, etching GaN by HCl during growth occurs when supplying
a sufficient HCl flux. Therefore, the approach of HCl-assisted growth may offer the
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advantage of reducing parasitic depositions and mitigating this issue. To extend the
very short entrance zone of the 100 mm configuration in the hot-wall system, the setup
of the reactor was changed to a 2 inch configuration with a large entrance zone. This
allows to investigate the interaction of HCl and parasitic depositions upstream of the
satellites in more detail (see Fig. 6.1). The cover parts on susceptor and satellites were
exchanged during this series to SiC coated ones, which exhibit a black/grayish color.
In the first section, the impact of HCl on these depositions during growth of GaN is
investigated. In section 6.1.2, a detailed analysis of the etch mechanism of HCl on GaN
in H2 is given, discussing the impact of process conditions on etch rate and feasibility of
HCl for an in-situ clean. In section 6.2, etching of AlN by HCl in H2 and N2 discussed.
In the last section of the chapter, a brief comparison of etching GaN and AlN by HCl
and Cl2 is given.
6.1 Etching of GaN by HCl
6.1.1 Suppression of parasitic depositions during growth of GaN
As for the experiments in chapter 5, HCl is fed into the reactor via the lower level of
the injector. Therefore, the highest concentration of HCl in the gas phase is obtained
in the region in which the maximum of parasitic deposition occurs (see Fig. 6.1). For
the experiments, HCl was fed simultaneously with NH3 and TMGa in the reactor at a
GaN growth rate of 2.1 µm/h and a pressure of 400 hPa. A V/III ratio of 1244 was
applied. A susceptor setpoint of 1080◦C and a ceiling setpoint of 830◦C resulted in a
surface temperature of TS=1065
◦C. Between each experiment, the reactor was cleaned.
The growth was conducted on pre-grown monocrystalline GaN layers to skip the growth
of a nucleation layer and therefore any temperature ramp (see Fig. 6.2). Growth was
conducted on rotating satellites as well as on stalled ones, to obtain depletion profiles.
HCl flow was varied between 0 and 16 sccm, which corresponds to a maximum HCl-
to-TMGa ratio of 1.2, see Tab. 6.1. This value is much higher than required for the
suppression of GPN (see chapter 5).
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3 µm GaN 
template
Growth of GaN 
with HCl
Al2O3
Grown without HCl     
(in a separate run)
Investigated 
layer
Figure 6.2: Layer stack for experiments of etching parasitic depositions during growth.
Series
Pressure Temperature TMGa flow HCl:TMGa
(hPa) (◦C) (µmol/min)
#GaN-HCl-in-situ-etching 400 1065 0.6 0 - 1.2
Table 6.1: Sample overview for etching GaN during growth.
After every run, a visible sharp change in contrast on the susceptor surface was ob-
served, which marks the abrupt transition between the cleaned and coated susceptor
surface (see Fig. 6.3). Referring to this abrupt transition, the area in front of the wafer,
which was covered by parasitic deposition was determined. Substrates were intention-
ally blocked from rotating in order to study the effect of HCl on the deposition profile
along the reactor radius without averaging the profile over the wafer by rotation. A run
without HCl served as a reference and the size of parasitic deposition resulting from this
run was measured to be 5.5 cm.
With increasing HCl flow, the spatial extent of the deposition is successively reduced
and finally reduced to 0.1 cm for an HCl-to-TMGa ratio of 1.2 (see Fig. 6.4(a)). The
impact of HCl on the deposition profile on the substrate is shown in Fig. 6.4(b). Up
to an HCl flow of 3 sccm, the deposition profile is not affected by HCl. GaClX formed
as a byproduct of the etch reaction does not contribute to the growth of GaN on the
wafer. No increase in growth rate was observed. Contrary, a decrease in growth rate is
observed at an molar ratio HCl-to-TMGa of 0.67, without influencing the shape of the
deposition profile. For the case of 9 sccm, not all parasitic depositions were removed
upstream of the substrate, but the growth rate was already reduced to 0.8 times of that
of the reference.
With further increasing HCl flow (molar ratio HCl-to-TMGa = 1.2), the parasitic
depositions upstream of the wafer vanish and only some deposition in the area between
the satellites can be observed. At these conditions, the deposition profile on the wafer
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Reference without HCl
measured distance
HCl:TMGa = 0.22 
measured distance
uncoated area
uncoated area
coated area
coated area
substrate
substrate5.5 cm
3.4 cm
8.1 cm
Figure 6.3: Pictures of the susceptor after a reference growth run without HCl (upper
picture) and after a run with 3 sccm HCl (lower picture). A visible sharp
change in contrast marks the abrupt transition between the cleaned and
coated susceptor surface (highlighted by the dashed line). The spatial extent
of parasitic deposition is reduced by flowing HCl into the reactor during
growth.
was significantly affected and the growth rate is reduced by half. Once all parasitic
deposition is consumed by HCl, some of the remaining HCl reaches the substrate and
acts as an etchant on the GaN film, see chapter 5. Therefore, a lower growth rate is
observed. As no increase of growth rate is observed during all experiments – compared
to the reference — one can conclude that GaClX formed from parasitic deposition does
obviously not contribute to deposition on the substrate. The equilibrium of reaction 2.2
is far on the left-hand side, provoked by high H2 and HCl partial pressures [31]. To
facilitate the growth via reaction 2.2, the temperature gradient from the inlet to the
substrate would have to be inverted – keeping the substrate colder than entrance zone,
which is not possible without major changes in the reactor setup.
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Figure 6.4: (a) Reduction of the parasitic deposition. The spatial extent of parasitic
deposition is measured as distance between substrate and transition between
the clean susceptor and still coated susceptor surface. With increasing HCl
flow, the amount of parasitic deposition is significantly reduced.
(a) Deposition profiles on substrate for different HCl flows during growth.
The growth rate is reduced above an molar ratio HCl-to-TMGa of 0.67. For
an HCl-to-TMGa ratio of 1.2, the shape of the profile is affected due to
surface etching.
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6.1.2 HCl etching of GaN in hydrogen atmosphere
To investigate the reaction between GaN and HCl in hydrogen (H2) ambient, the fol-
lowing experiments have been conducted: First Ga-polar GaN has been grown on c-axis
sapphire with a total thickness of 4 µm, which will be referred to as HT-GaN. On an-
other set of wafers, a 2 µm thick GaN film was grown at nucleation layer conditions
(T=530◦C) to obtain material with high defect density [104] and will be referred to as
LT-GaN, see Fig. 6.5.
sapphire
2 µm 
LT-GaN
sapphire
4 µm  
HT-GaN
Figure 6.5: Layer stack for experiments on etching parasitic depositions during growth.
It can be assumed that the 2 µm thick film grown at nucleation conditions mimics
the properties of the coating formed upstream on the susceptor, especially in terms of
comparable etch rates of these depositions. The grown HT-GaN and LT-GaN samples
were loaded into a thermally pre-cleaned reactor chamber and the etch experiments were
conducted. By this, any consumption of HCl by parasitic deposition on reactor walls
can be ruled out. In a first series, the influence of reactor pressure and temperature is
investigated, an overview is displayed in Tab. 6.2. Afterwards, the influence of HCl flux
was investigated a fixed pressure and temperature, see Tab. 6.3.
Series
Pressure Temperature HCl
(hPa) (◦C) (sccm)
#GaN-etching-HCl-1 200 629 - 725 20
#GaN-etching-HCl-2 400 629 - 779 20
#GaN-etching-HCl-3 900 579 - 825 20
#GaN-etching-HCl-4 900 680 20; 100
Table 6.2: Sample overview for etching HT- and LT-GaN by HCl in H2.
First the influence of reactor pressure and accordingly of H2 and HCl partial pres-
sure was investigated at a constant HCl flow of 20 sccm. For this, the temperature was
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ramped to target surface temperature and stabilized for 1 min, before HCl was intro-
duced into the reactor. The etch rate was measured by in-situ reflectance measurement
at wavelengths of λ= 633 nm and 950 nm and calculated from Fabry-Perot oscillations,
see chapter 3.3. With increasing temperature, the etch rate increases exponentially, in-
dicating that the etch rate is not delimited by the mass transport of HCl but kinetically
limited. Figure 6.6(a) shows the impact of reactor pressure on etch rate for HT-GaN,
for different surface temperatures and a constant HCl flux of 20 sccm. A slightly higher
etch rate for the LT-GaN material was found, but the difference turned out to be less
significant than the influence of temperature and H2 partial pressure. By displaying
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Figure 6.6: (a) Obtained etch rates on HT-GaN material for a flow of 20 sccm HCl and
different reactor pressures.
(b) The activation energy, extracted from the Arrhenius plot was found to
be 2.2 eV .
all obtained etch rates in an Arrhenius plot [105], the best fit (see Fig. 6.6(b)) can be
achieved (with a relative standard deviation of 0.15) for an activation energy of 2.2 eV
and a dependency on the H2 molar density of the power of 0.3:
r (nm/h) = const× e−25500 KT (6.1)
To explain the mechanism of etching GaN by HCl in H2 atmosphere, a two-step
reaction is proposed. During the first step, GaN decomposes by forming NH3 and Ga
(adsorbed to the surface), see reaction 6.2 [68]:
2 GaN(s) + 3 H2 → 2 Ga(ads) + 2 NH3 (6.2)
NH3 leaves the surface immediately, due to its high vapor pressure. Previous reports on
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GaN decomposition focused only on decomposition rates in N2 or H2 ambient [68, 106]
(and references therein) in the absence of HCl. In these studies, it is reported that Ga
droplets on the surface are formed during decomposition of GaN due to the low Ga
vapor pressure:
Ga(ads) → Ga(liq) (6.3)
By introducing HCl into the reactor, Ga on the surface now easily reacts with HCl to
form volatile GaCl, as it is known from HVPE (see section 2.2.1) and chapter 5. For
low temperatures, also the formation of GaCl3 has to be considered, see reactions 6.4:
2 HCl(g) + 2 Ga→ 2 GaCl(g) +2 H2
6 HCl(g) + 2 Ga→ 2 GaCl3(g) +3 H2
(6.4)
Further, it is reported [68, 106] that an increased H2 partial pressure enhances the
decomposition rate, which agrees with the obtained results. While feeding HCl, no
droplet formation or liquid Ga on the surface was observed, which yields a mirror-like
reflectivity. From this, it is concluded that reaction 6.2 is the limiting one and Ga on
the surface is quickly converted into volatile Ga chlorides.
Assuming that these measurements reveal the decomposition rate of GaN and com-
paring this to literature, it is found that these rates are much higher than in previous
reports. E.g., rates 5 times higher than reported in [68] are measured, but a slightly
lower activation energy is reported. The similar activation energies support again that
GaN decomposition is the limiting reaction. The disparity in decomposition rate can be
explained by the enhanced removal of Ga by HCl. An excessive coverage of the GaN
surface with Ga droplets would locally decelerate the decomposition rate by a decreased
GaN surface area exposed to H2.
When having a close look at the etch rate over time in Series #GaN-HCl-H2-HCl-
flux, a decline of etch rate with time for an HCl flow of 20 sccm is visible, which is
more distinct for the LT-GaN samples. This decline is much less pronounced if an HCl
flow of 100 sccm was used. The initial rate is significantly diminished, see Fig. 6.7 and
the difference in etch rate between HT-GaN and LT-GaN highly reduced. Although
more reactive HCl is fed into the reactor, the higher HCl flow (100 sccm) leads to lower
etch rates which appears counter-intuitive. The higher etch rate for lower HCl flow (as
shown in Fig. 6.7) is caused by the presence of a thin film of Ga on the surface at the
beginning of etching. The sample is heated up in H2 ambient and therefore starts to
decompose during the heat ramp. This causes a Ga-rich surface, which would result
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Figure 6.7: Etch rate of HT-GaN and LT-GaN at a surface temperature of 680◦C is
shown for HCl flows of 20 sccm and 100 sccm. A decline of etch rate over
time is observed for an HCl flow of 20 sccm.
in droplet formation when no HCl is introduced into the reactor. Koleske [106] and
Pisch [107] reported that Ga droplets increase the decomposition rate due to cracking of
H2 on liquid Ga surfaces. A higher HCl flow removes Ga from the surface much faster
(equation 2.1) and therefore decreases the decomposition rate (equation 6.2), resulting
in an overall smaller etch rate over time.
6.1.3 Pulsed supply of HCl
To make use of the higher decomposition rate when Ga is present on the surface, the
HCl flow was modulated to allow for a certain amount of Ga on the surface. When
switching off the HCl flow, a sudden increase in reflectivity is observed, caused by a
metal-like film on the surface. Therefore, the in-situ reflectance measurement was used
to monitor the surface coverage with liquid Ga droplets. The HCl flow was interrupted
until the reflectance reached a maximum as illustrated in Fig. 6.8. After reaching the
maximum in reflectance, HCl was turned on again.
For pulsed flow, the on- and off-time was optimized for a reactor pressure of 900 hPa
to obtain the highest etch rate. As abrupt changes in reflectivity are caused by the
modulated HCl flow, no etch rate determination from Fabry-Perot oscillations was pos-
sible. Therefore ,the reflectance level of uncoated bare sapphire was used for end-point
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Figure 6.8: Reflectance trace of the etched GaN surface when modulating the HCl flow at
680◦C. Interrupting the HCl flow results in a sudden increase of reflectance,
due to the formation of liquid Ga. Ga is instantly removed by forming volatile
GaClx when HCl is flown again into the reactor.
detection (complete removal of epitaxial layer) and the etch rate averaged over the whole
etch time.
The optimum off-time of 2 min at 680◦C was determined by experiment, as suggested
by Fig. 6.8. Taking the etch rate from equation 6.1, ≈ 100 monolayers GaN are de-
composed during this off-time and the corresponding amount of liquid Ga is left on the
surface. The optimum off-period at other temperatures is then adjusted such that also
100 monolayers GaN are decomposed during off-time. For example at 630◦C, one ob-
tains an optimum off-period of 8 min. This resulted in an overall improvement of etch
rate by a factor 1.7 at 630◦C compared to a continuous HCl supply. Comparing the
HCl consumption to etch the same amount of GaN at 630◦C, for pulsed operation the
required amount is reduced by 92%. Fig. 6.9 comprises the etch rates obtained for a
continuous flow and a pulsed supply of HCl.
The largest improvement in terms of etch rate is obtained at low temperatures at which
the coverage with liquid Ga is the lowest for a continuous flow of HCl. The advantage of
using this pulsed approach decreases and finally vanishes above a surface temperature
of 830◦C due to the enhanced decomposition rate of GaN at higher temperatures. The
off-time decreases from 8 min at 630◦C down to 2 s at 830◦C. Above 830◦C, off-times
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Figure 6.9: Comparison of etch rate using a continuous flow of HCl and a pulsed supply of
HCl with optimized on/off-times. The improvement due to pulsing becomes
smaller with increasing temperatures and vanishes above 830◦C.
shorter than 2 s would be required to benefit from a pulsed supply of the HCl. This time
is in the same range as the response time of the mass flow controllers (MFC) and the
time to exchange the gas in the reactor. The on-time for removing Ga from the surface
is only determined by the HCl flow and can be minimized by its increase. For the pulsed
approach, a slightly reduced activation energy of 1.97 eV for the decomposition of GaN
is observed. This is closer to [68], in which also liquid Ga is present on the surface.
6.2 Etching of AlN by mixtures of H2, N2, HCl
To study etching AlN, 0.58 µm thick Al-polar AlN samples were etched in a clean reactor.
For all experiments on etching AlN, a constant reactor pressure of 900 hPa was used
and the etch mechanisms in N2 and H2 ambient and with/without HCl compared. The
AlN surface was evaluated after etching by a Nomarski microscope, a sample overview
can be found in Tab. 6.3.
First, the etch rate of AlN in pure H2 (without HCl) was investigated. Up to a
surface temperature of TS=1300
◦C, no significant etch rate was observed. After heating
above 1400◦C, hexagonally shaped features on the surface were observed by a Nomarski
microscope (see. Fig. 6.10a)). When treating this sample ex-situ with 10% KOH at 60◦C
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Sample /
Pressure Temperature HCl Ambient
Series (hPa) (◦C) (sccm)
#AlN-etching-no-HCl-H2 900 > 1400 0 H2
#AlN-etching-HCl-H2 900 1050 -1300 200 H2
#AlN-etching-HCl-N2 900 1270 200 N2
Table 6.3: Sample overview for etching AlN by HCl and H2 in H2 and N2.
for 30 min, no change in morphology of the film was noticed, so that it can be assumed
that the film and the hexagonal features are Al-polar [73]. To study the influence of
carrier gas during etching of AlN by HCl, etching was performed in H2 and N2 at similar
temperatures. After etching of AlN by HCl in H2, a rough surface with a high density of
Figure 6.10: (a) Nomarski microscope images of an AlN surface after heating eating
above 1400◦C in pure H2 without HCl and (b) after etching at 1260◦C in
H2 and 200 sccm HCl. The bar refers to a scale of 50 µm.
hexagonal cones was observed. As an example, the surface after etching in H2 and HCl at
a temperature of 1260◦C is shown in Fig. 6.10b). Thickness oscillations in the reflectance
trace were observed, but with a non-constant oscillation period and a damping of the
reflectance trace, caused by this surface roughening (Fig. 6.11). The etch rate extracted
from the first oscillation is ≈ 650 nm/h. When using N2 as carrier gas and HCl, at a
temperature of 1270◦C, no oscillations in the reflectance trace were observed (Fig. 6.11),
but a sudden decrease in reflectivity during etching. At these conditions, it was possible
to use the reflectance level of the sapphire for etch rate determination and the etch rate
was found to be 740 nm/h, very similar to the etch rate in H2 and HCl. An increase
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Figure 6.11: Reflectance trace of an AlN samples, etched by HCl in H2 and N2. For H2,
a surface temperature of 1260◦C was used, for N2, a surface temperature of
1270◦C.
in etch rate of HCl in H2 is found with increasing temperature from ≈ 300 nm/h for
1050◦C, up to ≈ 760 nm/h for 1300◦C (from first oscillations), as displayed in Fig. 6.12.
When fitting these etch rates, an activation energy of 0.64 eV was determined.
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Figure 6.12: Obtained etch rates of AlN by HCl in H2 and a HCl flow of 200 sccm.
To understand the etching process of AlN by HCl, the decomposition routes of AlN
have to be considered. In H2 – in the absence of HCl – AlN will decompose to NH3 and
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AlH [69]:
AlN + 2 H2 → NH3 + 2 AlH (6.5)
NH3 is formed which may lead to a re-deposition of AlN due to a reaction with desorbing
Al species. By this, the the formation of the hexagonal features (Fig. 6.10(a)) can be
explained. Another explanation of the observed surface features may also be related to
the grain boundary structure of the AlN buffer layer. AlN facets as (1011) and (1101)
will have a slower etch rate than the (0001) facet due to a lower density of dangling
bonds [108, 109]. When etching in H2 and HCl, NH3 will be formed as well, stabilizing
these facets or even leading to a re-deposition of AlN on these facets. A re-deposition
may explain the hexagonal features on the surface after etching (Fig. 6.10(b)) and the
non-constant etch rate over time (Fig. 6.11).
In pure N2, AlN will decompose to Al and N2 [110]:
2 AlN→ 2Al(g) + N2 (6.6)
When introducing HCl in N2, H is only supplied by HCl and therefore the formation
of NH3 is largely reduced. As a consequence, re-deposition of AlN or stabilization of
side facets is prevented. When etching AlN by HCl in N2, the AlN film is completely
etched as seen by the reflectance level of sapphire in Fig. 6.11. No stable AlN facets are
formed, which would inhibit etching. The reflectance trace indicates that the film is not
etched layer-by-layer in N2 ambient, but may be preferably etched at defects by HCl.
Very similar etch rates are obtained for H2 and N2 carrier gas, so that desorption of N
either as NH3 or as N2 is not limiting the etch rate.
In pure H2, the formation or desorption of AlH (equation 6.5) is the limiting step
with an activation energy of 4.7 eV [111]. The generation of NH3 is calculated to have a
lower activation energy of 2.5 eV [111]. In N2, it is not reported whether the formation
of Al or N2 is the limiting step. In the presence of HCl, the formation or desorption of
AlH or Al is not necessary for Al removal, due to a reaction of HCl and Al on an AlN
surface. The determined activation energy of etch rate by HCl in H2 (EA=0.64 eV) is
well above the activation energy of a reaction of Al and HCl (EA=0.07 eV) [112], so that
this reaction itself cannot explain the observed temperature dependency of etch rate.
But, for the decomposition of AlN in H2, up to a temperature of 1400
◦, no metal rich
surface or Al film is reported [69], which agrees with our results. Therefore, HCl has to
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react with Al atoms, which are still bonded to AlN:
AlN(solid):Al(surface) + HCl(g) → AlN(solid) + AlCl(g) + H (6.7)
By this reaction, the found activation energy may be explained for etching AlN by HCl
in H2. AlCl may further react with HCl to form AlCl2 or AlCl3, which all easily desorb
due to high equilibrium vapor partial pressures [33].
For etching Al-polar AlN by HCl, elevated temperatures are needed to obtain a reason-
able etch rate, caused by the strong Al-N bond. The reaction of Al with HCl on the AlN
surface appears to be the limiting reaction. Further, the etch rate of AlN seems to be
highly dependent on film facets. Etching in N2 and HCl prevented the formation of AlN
hexagonal features, which were hardly etched by HCl. For etching polycrystalline AlN
depositions on reactor walls, this fact may play not an important role, but the rather high
temperatures needed to obtain reasonable etch rates appear rather disadvantageous.
6.3 Comparing etching by HCl to Cl2 etching
In this section, etching GaN, AlN and AlGaN by Cl2 is investigated and etch rates
compared to those achieved with HCl etching.
With Cl2 as etchant, also GaClx and AlClx are formed, but due to the lower bonding
energy of Cl-Cl (2.48 eV [113]) compared to H-Cl (4.4 eV [113]), a higher reactivity
for Cl2 can be expected. Further, no hydrogen is supplied by Cl2. Therefore, no NH3 is
formed, which would lower the etch rate for Al-containing layers. To avoid an exothermic
reaction between Cl2 and H2 and the formation of HCl, a pure N2 reactor ambient was
used. Cl2 was diluted in N2 (5% in N2) and a reactor pressure of 900 hPa was chosen.
Here, three samples have been loaded at the same time in a cleaned reactor. The
samples structure are shown in detail in Fig. 6.13(a) and contain a thick AlN layer
(#Cl2-A) grown on a GaN buffer, an Al0.41Ga0.59 layer on a GaN buffer (#Cl2-B) and
thick GaN buffer (#Cl2-C), all grown on sapphire. As for the etching of AlN in N2, no
thickness oscillations in the reflectance curve were observed, indicating that no layer-
by-layer decomposition occurs during etching. The reflectance level of the bare sapphire
substrate was used as end-point detection (Fig. 6.13(b)) and the etch rate averaged. At
a surface temperature of 840◦C, an etch rate of 22 µm/h for all samples was obtained.
No difference between GaN, Al0.41Ga0.59 or GaN is observed, indicating that here, the
decomposition of the film does not seem to be not the limiting reaction and a direct
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reaction of the nitride compound with Cl2 or Cl radicals is the dominant etch mechanism.
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Figure 6.13: (a) Sample structures for Cl2 etch experiments
(b) Corresponding reflectance trace at Ts=840
◦C.
When raising the temperature to 970◦C, an increase in etch rate is observed for sample
B and C to 26 µm/h, whereas for sample A, the etch rate remained at 22 µm/h. This
weak temperature dependency indicates that at these rather low temperatures the etch
rate is not kinetically limited, rather mass transport limited by Cl2. Simultaneously, the
TaC coating on ceiling and susceptor was etched by Cl2, causing a blackish discoloration
and a chipping of the etched coating, so that further experiments were not conducted.
Comparing etching of GaN and AlN by HCl and Cl2, a much higher etch rate is obtained
for Cl2. A decomposition of GaN or AlN before reacting with the Cl species is not
necessary, as observed for etching by HCl in H2, which turned out to be the etch rate
limiting step. Therefore, Cl2 may be more applicable as an etchant to remove residual
parasitic depositions from a MOVPE reactor in a dedicated in-situ etch run, when
SiC is used as coating instead of TaC, as SiC shows no significant degradation up to
1000◦C [114].
6.4 Summary
In this chapter, the use of HCl as an etchant for GaN and AlN was evaluated. First,
etching of GaN during growth was studied with a similar approach as in chapter 5, but
at a much higher HCl-to-TMGa ratio and lower growth rate. Here, parasitic depositions
upstream of the substrate were significantly reduced.
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When etching GaN by HCl in the absence of NH3 and TMGa, a pressure and tem-
perature dependency of etch rate is found, which is explained by a two-step mechanism.
The first step, a decomposition of GaN to Ga and NH3 is followed by a reaction of HCl
with Ga. By using a pulsed supply of HCl, the etch rate for GaN at low temperatures
taking was improved, taking advantage of increased GaN decomposition rates due to a
surface coverage with metallic Ga. As a consequence, the time during which HCl needs
to be switched off is determined by the decomposition of GaN and is therefore a function
of temperature. For a pulsed process, the etch rate could be increased by a factor of 1.7
at a temperature of 630◦C and significant reduction of HCl consumption. Comparing
the HCl consumption to etch the same amount of GaN at 630◦C, for pulsed operation
the required amount is reduced by 92%. Overall, in-situ clean for GaN depositions in
an MOVPE reactor is a promising method, due to reasonable etch rates at moderate
temperatures.
For etching Al-polar AlN by HCl, elevated temperatures are needed to obtain a rea-
sonable etch rate, caused by the strong Al-N bond. The reaction of Al with HCl on the
AlN surface appears to be the limiting reaction. Further, the etch rate of AlN seems to
be highly dependent on film facets. Etching in N2 and HCl prevented the formation NH3
and therefore a stabilization of the AlN surface. The rather high temperatures needed
to obtain reasonable etch rates appear rather disadvantageous for a in-situ cleaning pro-
cedure. Much higher etch rates are obtained by Cl2 with no significant etch selectivity
between GaN, AlN and AlGaN at even lower temperatures. This makes Cl2 more suited
for industrial applications and development of an in-situ cleaning procedure, but may
require a modification of reactor design and hardware to prevent any corrosion.
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To understand and optimize the nucleation process on α-Al2O3, reproducible starting
conditions have to be assured. One approach to obtain such starting conditions is to
clean the reactor before every experiment and remove any residual depositions. The
used hot-wall reactor allows to heat homogeneously all reactor walls to a temperature of
1650◦C. At these elevated temperatures in H2, even AlN is decomposed and an efficient
in-situ clean is feasible. This procedure gives defined nucleation conditions, but it has
to be considered that without parasitic coating on the reactor walls, no equilibrium in
material transport, chemical reactions and thermal characteristics is obtained. Parasitic
depositions on reactor walls can influence the growth in several ways. The sticking of
precursors will be different if a TaC, SiC or quartz surface is present, or e.g. an AlN
surface. Additionally, these parasitic coatings may decompose, release (unwanted) gas
species and affect the nucleation process in a way, which is difficult be monitored in a
MOVPE system in a direct way.
To conduct a comprehensive investigation on growth of AlN on α-Al2O3, in this chap-
ter, AlN is grown in an AlN-pre-coated reactor and compared to growth in a clean
reactor. In a clean reactor, a extensive study on the influence of process conditions on
nucleation layer properties is conducted. First, the growth of a nucleation layer is inves-
tigated. V/III ratio and growth temperature are studied and impacts on film polarity
as well as defect density monitored. This is followed by an investigation of the effects of
a thermal treatment of the substrate before nucleation layer growth. Further, the buffer
layer growth itself was studied. The defect density was tackled by applying a two-step
approach. The first step consists of an AlN interlayer grown at a medium temperature
and a high V/III ratio. The interlayer thickness and the following buffer layer thickness
are optimized to obtain an AlN buffer with an atomically smooth surface and a low de-
fect density. Finally, the impact of growth temperature and substrate miscut is explored
to define a process window to avoid step bunching. For all other experiments, 2 inch
substrates with a miscut of 0.3◦ towards towards [1010] were used.
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7.1 Impact of reactor conditioning
A typical growth sequence for the deposition of AlN on α-Al2O3 consists of a thermal
cleaning step (desorption) of the substrate, the deposition of a nucleation layer and
of a thick buffer layer, see Fig. 7.1. The desorption step is claimed in literature to
remove residuals from substrate polishing or adsorbed contaminations from the envi-
ronment. Therefore, this step is usually performed at significantly higher temperature
(here: 1150◦C) than the growth temperature of the nucleation layer (here: 970◦C). The
buffer layer is typically grown at rather high temperature (≥ 1200◦C) to increase the
mobility of ad-atoms on the surface and to obtain a smooth surface and a low defect
density.
Thermal 
cleaning
(Desorption)
600 nm      
HT-AlN 
buffer layer
20 nm 
nucleation   
layer
V/III = 100V/III = 200
T (°C)
1150
970
1270
Time
10 min 5 min 20 min
Figure 7.1: Growth sequence for an AlN buffer structure. The sequence consists of a
thermal treatment of the substrate followed by the growth of a nucleation
and a buffer layer (#AlN-0).
To study the impact of an AlN coating on reactor walls, a ’dummy’ run was applied.
No pre-flow of TMAl or NH3 was used, both sources were opened at the same time,
which is reported to be advantageous [115]. The growth rate for the buffer was set to
1.8 µm/h and not altered for all samples.
During this first study, #AlN-0, the nucleation layer thickness was varied. Although
a reasonable crystal quality with low FWHM values for the (0002) reflex of 47 arcsec
and 1130 arcsec for the (1012) reflex are obtained, these results were not reproducible.
Further, etching in KOH reveals that for some of the films, the center of the substrate
consists of mixed polarity, also in a not reproducible way.
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As shown by Behmenburg [51], AlN depositions on reactor walls influence the nu-
cleation behavior of AlN on α-Al2O3, caused by material decomposition and material
transport of Al species from the susceptor to the colder substrate, and as it is also as-
sumed by Kueller et al. [75]. Due to the fact that the maximum of the growth profile
is upstream of the substrate (see chapter 6), a large amount of parasitic depositions
are formed in this area. Comparing the amount of parasitic coating to the situation in
a vertical reactor as in [51], its impact is expected to be more pronounced. Without
having stable reactor conditions, no reproducible growth regime in terms of film polarity
and crystal quality is obtained. The film properties are highly influenced by the reac-
tor history. This sensitivity complicates the comprehension of the nucleation process
and of the impact of different process steps. When applying equation 3.4 and 3.5, a
screw type dislocation density of 2.3×106 cm−2 and an edge type dislocation density of
3.5×109 cm−2 are determined, which will be used for further comparison.
7.2 AlN stack development in a coating-free reactor
Without having the possibility to distinguish between the influence of process conditions
and reactor history, the reactor was cleaned after every deposition process by a high-
temperature bake (T=1450◦C) under H2, making use of the unique thermal properties
of this research system. After applying this bake, the golden color of the TaC coating
was restored and no visible depositions were left on the reactor walls. By this in-situ
clean, an ex-situ cleaning of reactor part and undesired potential contaminations were
avoided. In the following, the influence of a cleaned reactor will be discussed.
7.2.1 Nucleation of AlN on α-Al2O3
7.2.1.1 Influence of nitrogen on initial growth
To investigate and understand the nucleation in a clean reactor ambient, the growth
sequence (see Fig. 7.1) as before was slightly changed. The V/III ratio for nucleation
layer growth was lowered from 200 to 50 to obtain more Al-rich conditions, and buffer
growth was performed at 1270◦C and a V/III ratio of 100.
In a clean reactor, it was observed that even small amounts of N2 during desorption lead
to an undesired nitridation of the α-Al2O3 surface. Here, a nitridation was caused even
by N2 purge gases and satellite rotation gas. The impact of small amounts of N2 during
desorption on XRD FWHM values is shown in Fig. 7.2. For comparison, one sample
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was nitridated on purpose by introducing NH3 into the reactor during the last 60 s of
the desorption step.
2 0 0
4 0 0
6 0 0
8 0 0
0 . 1 ,  0 . 2 ,  0 . 3  s l m  N 2  i n t o  c a r i e r  g a s
0 . 1  s l m  N H 3
2 4  s l m  N 2  h e a t e r  p u r g e
0 . 2  s l m  N 2  r o t a t i o n  g a s
1  s l m  N 2  i n t o  c a r r i e r  g a s
 
 ( 0 0 0 2 )   F W H M
(00
02)
 FW
HM
 (ar
cse
c)
A m o u n t  N 2  i n t o  r e a c t o r  d u r i n g  d e s o r p t i o n
H 2  o n l y
1 0 0 0
1 5 0 0
2 0 0 0 ( 1 0 1 2 )   F W H M
(10
12)
  FW
HM
 (ar
cse
c)
Figure 7.2: Impact of amount of N2 (NH3) flow during desorption on XRD FWHM.
So far, a nitridation of α-Al2O3 by N2 is not reported in literature, and due to the rather
high bond dissociation energy of 9.8 eV [116] not expected.
A plausible reason for this behavior, only observed in a clean reactor, could be caused
by the TaC surface, which is in a cleaned reactor not covered by AlN during the thermal
cleaning step. This surface a may act as a catalyst and enable the formation of NH3 from
N2 and H2 [117, 118]. Further, it has to be considered that even without a catalyst, N2
may react with the surface, forming AlN. In an AlN-coated reactor, decomposing AlN
depositions supply Al species, which initiate (partially) Al-polar film growth, see [51].
In a clean reactor, this supply of Al species is not present and N-polar film growth may
be initiated by a reaction of α-Al2O3 surface with N2. With an increased degree of
nitridation of the surface, an improvement of the FWHM is observed (Fig. 7.2, compa-
rable to Paduano et al. [74]). By converting the α-Al2O3 surface to AlN, the structural
properties of the substrate are transported to the AlN layer, giving a low twist and tilt.
But a distorted surface was observed due to the formation of inversion domains for all
samples.
To conserve the good structural properties obtained by mixed-polar AlN, but to reduce
the amount of N-polar material, a nucleation layer with mixed polarity was grown and
subsequently annealed at 1300◦C under H2. As a higher decomposition rate for pure
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N-polar AlN than for pure N-polar AlN films under H2 is reported [69], this annealing
may allow a selective removal of N-polar material.
But no tendency to obtain a smooth surface was observed for different annealing times,
which would indicate a reduced amount of N-polar material. Therefore, any N2 in the
reaction chamber before nucleation layer growth was avoided and thus an undesired
nitridation of the α-Al2O3 surface.
7.2.1.2 Impact of V/III ratio and temperature during nucleation
The growth conditions for the nucleation layer were studied to monitor the impact on
film polarity and defect density. By increasing the nucleation temperature, a lower
density of nucleation sites is expected (see section 2.4), but at the same time, a higher
reactivity of NH3 may nitridate the surface more easily. Therefore, a process window at
high temperature may be beneficial to reduce the dislocation density, but be limited by
a reaction of NH3 with the α-Al2O3 surface. Here, temperature and V/III ratio during
nucleation layer growth were altered. The process sequence is shown in Fig. 7.3 and a
sample overview is given in Tab 7.1.
Thermal 
cleaning
600 nm      
HT-AlN 
buffer layer
20 nm 
nucleation   
layer
V/III = 100
V/III = 50 - 200
T (°C)
1025
970
1270
Time
10 min 5 min 20 min
Pure H2 ambient
900
1050
Figure 7.3: Growth sequence for AlN buffer structure. Here, V/III and deposition tem-
perature for nucleation layer growth is varied (#AlN-1).
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Sample
Desorption Nucleation layer V/III ratio during
temperature (◦C) growth temperature (◦C) nucleation layer growth
#AlN-1-A 1025 900 25
#AlN-1-B 1025 900 100
#AlN-1-D 1025 970 50
#AlN-1-E 1025 1050 25
#AlN-1-F 1025 1050 50
#AlN-1-G 1025 1050 100
Table 7.1: Sample overview for variation of V/III ratio and growth temperature for nu-
cleation layer growth.
First, a thermal substrate cleaning step at a low temperature of TD=1025
◦C was ap-
plied in a pure H2 ambient. As a reference, a nucleation layer was grown at a V/III
ratio of 50 and TNucl.= 970
◦C, sample #AlN-1-D. To evaluate the impact of the altered
nucleation layer conditions, a 600 nm thick AlN buffer was grown on top and charac-
terized by AFM scans (Fig. 7.4), as well as by XRD FWHM measurements (Fig. 7.5(a)
and Fig. 7.5(b)).
When raising the nucleation temperature from 970◦C to 1050◦C, a surface morphol-
ogy typical for a partially nitridated surface is observed. For this temperature, the
morphology is influenced by the V/III ratio. When lowering the V/III ratio to 25 and
comparing it to the sample in which the nucleation layer was grown at a V/III ratio of
50, the surface seems to become less nitridated, but still a rough surface is obtained.
An increase of V/III ratio from 50 to 100 does not significantly change the morphology,
due to the already high degree of nitridation. Reducing the nucleation temperature to
900◦C allows increasing the V/III ratio, without a nitridation of the surface. At a V/III
ratio of 100, an atomically smooth buffer layer was obtained. Comparing the structural
properties by XRD (Fig. 7.5), only a minor impact is observed. A higher V/III ratio
seems to be beneficial for the (0002) reflex, but broadens the (1012) reflex at the same
time.
For growth in a coating-free reactor, the process window for AlN nucleation layer
growth is limited in terms of V/III ratio and temperature for the growth of Al-polar
films. When increasing the nucleation layer temperature, a nitridation of α-Al2O3 sur-
face is more easily to occur, and Al-rich conditions have to be applied (a low V/III
ratio) to avoid a nitridation of the α-Al2O3 surface. Increasing the nucleation layer
temperature, shifts the process window to even lower V/III ratios, which were found to
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Figure 7.4: 5×5 µm2 AFM scans of 600 nm thick AlN buffer layers, for nucleation layers
grown at different V/III ratio and temperature. An H2-only desorption at a
temperature of T=1025◦C was applied before nucleation layer growth.
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Figure 7.5: (a) (0002) FWHM of the AlN buffer layers as function of V/III ratio and
growth temperature of nucleation layer.
(b) (1012) FWHM of the AlN buffer layer as function of V/III ratio and
growth temperature of nucleation layer.
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be detrimental for dislocation density. Here, best conditions for dislocation density and
surface morphology were found for sample #AlN-1-D.
7.2.1.3 Impact of desorption
The impact of the desorption temperature was investigated in a pure H2 ambient and
the sequence shown in Fig. 7.6 applied. In a second series, the impact of removing this
desorption step from the process sequence is investigated, and these results compared
to each other. A sample overview is given in Tab 7.2.
Thermal 
cleaning
600 nm      
HT-AlN 
buffer layer
20 nm 
nucleation   
layer
V/III = 100
V/III = 50
T (°C)
1017
970
1270
Time
10 min 5 min 20 min
1266
…
.
Pure H2 ambient, no N2
Figure 7.6: Growth sequence for AlN buffer structure. The reactor atmosphere is set to
pure H2, no N2 purge or N2 rotation gas is used. (#AlN-2,3,4)
Series /
Desorption Nucleation layer Nucleation layer HT-AlN
Sample temperature (◦C) temperature (◦C) thickness (nm) thickness (nm)
#AlN-2 1017 - 1266 - - -
#AlN-3 1017 - 1266 970 20 -
#AlN-4 1017 - 1266 970 20 600
#AlN-5-A - 970 20 600
#AlN-5-B - 940 20 -
#AlN-5-C - 940 20 600
Table 7.2: Sample overview for variation of desorption temperature in a coating-free
reactor and in pure H2.
The surface morphology of α-Al2O3 for different thermal cleaning temperatures and
their impact on the subsequent nucleation layer as well as on the AlN buffer is shown in
Fig. 7.7.
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Figure 7.7: 5× 5 µm2 AFM scans after different stages of growth and different desorption
temperatures. Here the reactor ambient is pure H2.
87
7 Growth of AlN in a hot-wall system
A change in surface structure can be observed with increasing desorption temperature.
The surface of α-Al2O3 alters starting with a very smooth featureless surface for the
lowest desorption temperature. First some shallow pits are observed, which evolve to
deeper pits and finally to terraces with a step height of 1 nm. By this, the morphology
of the nucleation layer is also affected and changes from a very fine grain size with a high
density to larger nuclei with a lower density. For the highest temperature of 1266◦C, an
accumulation at atomic steps of the α-Al2O3 is visible. Caused by the different nuclei
density, the buffer layer is affected, too, and changes from an atomically flat surface to a a
non-closed layer. Etching in KOH revealed Al polarity of the films grown with desorption
temperatures of 1017◦C and 1100◦C. Samples grown with a higher temperature were
partially etched. But due to the non-closed layers and large roughnesses of these layers,
it cannot be ruled out that etching along side facets is taking place and no final conclusion
on the polarity can be given.
The XRD FWHM of (1012) seems to decrease for samples treated with high substrate
desorption temperatures of 1220◦C and 1266◦C (Fig. 7.8(a)). But, when analyzing the
(1012) reflex in a reciprocal space mapping for the two highest desorption temperatures,
two peaks are found (Fig. 7.8(b)).
1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0
6 5 0
7 0 0
7 5 0
8 0 0
8 5 0

(00
02)
 FW
HM
 (ar
cse
c)
	
2 0 0 0
2 5 0 0
3 0 0 0
3 5 0 0
(10
12)
 FW
HM
 (ar
cse
c)


(a) (b)
Figure 7.8: (a) Impact of the desorption temperature on the XRD FWHM values. For
the two highest temperatures, two peaks of the (1012) reflex are observed.
(b) Reciprocal space mapping of the (1012) reflex of a sample, for which a
desorption temperature of 1266◦C was applied.
To check if the regular (1012) peak splits of into two peaks or beside the regular one,
a second one is evolving, a ϕ scan of the (1012) reflex was performed for the samples
with desorption temperatures of 1017◦C (Fig. 7.9) and 1266◦C (Fig. 7.10). Due to the
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30◦ rotation of the AlN and α-Al2O3 unit cells, the (1123) reflex of α-Al2O3 and the
(1012) reflex of AlN should be perfectly aligned when performing a ϕ scan of both
reflexes. This is observed for the sample with a desorption temperature of 1017◦C. For
the sample grown with a desorption temperature of 1266◦C, a ϕ scan reveals that the
alignment of AlN to α-Al2O3 is disturbed. Instead of a perfect alignment, two peaks are
observed, which are both 1.7◦ misaligned from the sapphire (1123) reflex. So this split
explains the presence of the second peak.
As an explanation for the formation of two AlN phases, a modification of the sapphire
surface has to be considered. Obviously, α-Al2O3 is decomposing for the two highest
desorption temperatures, which is in agreement with other reports, in which etching of
α-Al2O3 by H2 is reported [119, 120] Under H2 ambient and a temperature above 647
◦C,
it can be expected that an Al-rich surface is obtained. Hydroxyl groups are likely to
desorb and an Al or Al-Al termination is established. Due to the reaction of H2 with α-
Al2O3, O is removed close to the surface and an Al-rich surface is very likely. Comparing
these results to literature, it is usually reported that surface reconstructions are typically
observed at high temperatures and Al-rich conditions [121, 122]. So far, none of these
surface reconstructions have been observed after heating α-Al2O3 in H2. Renaud [123]
performed grazing incidence X-ray scattering at Al-rich surfaces and revealed that these
surfaces are slightly rotated (1.46◦) from the underlying α-Al2O3. In [124], the formation
of two different phases is reported, which may be valid here as well.
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Figure 7.9: (a)ϕ scans of (1012) reflex of AlN and (1123) of the α-Al2O3 substrate for a
desorption temperature of 1017◦C.
(b) Illustration of the AlN and α-Al2O3 alignment with the regular 30
◦ ro-
tation between unit cells.
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Figure 7.10: (a)ϕ scans of (1012) reflex of AlN and (1123) of the α-Al2O3 substrate for
a desorption temperature of 1266◦C.
(b) Illustration of one of the two AlN orientation and α-Al2O3 alignment
with the unexpected 30 - 1.7◦ rotation between unit cells of one of the AlN
phases.
Comparing the dislocation density from the results obtained in an AlN-coated reactor
(series #AlN-0), the dislocation density is higher. Assuming that an Al-rich sapphire
surface is established by a thermal treatment and causing a high dislocation density, the
impact of this treatment was studied. As displayed in Fig. 7.11, for series #AlN-5, the
reactor was heated by a fast temperature ramp under pure H2, directly to nucleation
temperature of 970◦C and the results compared to series #AlN-4.
No 
Thermal 
cleaning
600 nm      
HT-AlN 
buffer layer
20 nm 
nucleation   
layer
V/III = 100
V/III = 50
T (°C)
970
1270
Time
5 min 20 min
Pure H2 ambient, no N2
Figure 7.11: AlN growth sequence without desorption (#AlN-5).
Thereby the XRD FWHM values were reduced from 650 arcsec to 450 arcsec for
(0002) and from 2900 to 1560 arcsec for (1012) for sample #AlN-5-A. A reduction of
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nucleation temperature from 970◦C to 940◦C further improved the symmetric reflex to
393 arcsec and the asymmetric reflex to 1200 arcsec (sample #AlN-5-C). This translates
to a reduction in dislocation density from 2.3×1010 cm−2 to 4×109 cm−2 applying equa-
tion 3.4 and 3.5. To understand this huge improvement, a closer look at the nucleation
layer is necessary. In Fig. 7.12, the nucleation layer with a 10 min thermal treatment
before its growth is compared to a nucleation layer without thermal treatment and re-
duced nucleation growth temperature. The nucleation site density is largely reduced by
skipping the thermal treatment. As a consequence, the morphology of the 600 nm thick
buffer layer is also affected. For buffer layers grown on the nucleation layer with a high
density of nucleation sites, a very smooth surface is observed. In contrast, for the buffers
grown at a nucleation layer with a low density of nucleation sites, pits on the surface are
found. Further, super-steps with a step height of ∼ 4 nm are observed. By reducing the
nucleation site density, the distance of nuclei to each other is increased, the coalescence
of the film takes longer.
N0550
14.01 nm
0.00 nm
1.0µm
N0766
14.00 nm
0.00 nm
1.0µm
Nucleation 
layer
600 nm AlN 
buffer layer
Thermal  treatment for 
10 min at 1017°C
Without thermal 
treatment 14 nm
0 nm
14 n
0 nm
N0621
35.00 nm
0.00 nm
1.0µm
0 nm
35 nm
T=940°C T=970°C
N0556
5.46 nm
0.00 nm
1.0µm
5 nm
0 nm#AlN-5-C
#AlN-5-B #AlN-3 
#AlN-3 
Figure 7.12: 5×5 µm2 AFM scans of a nucleation layer with a thermal treatment at
1017◦C for 10 min before nucleation layer growth and without thermal
treatment (upper row). On the lower row, the corresponding AlN buffer
layer is shown.
Applying a thermal H2 treatment of the substrate in a clean reactor seems to create
defects on the substrate surface, which are not visible by AFM. These defects may consist
of Al-rich spots, caused by out-diffusion of oxygen from the top layers. These spots then
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act as nuclei for impinging Al and NH3 from the gas phase. As a consequence, the
nucleation site density increases. Islands grown on these nuclei exhibit a large tilt and
twist.
7.2.2 Reduction of dislocations by a two-step approach
No 
Thermal 
cleaning
0.6 -1.2 µm AlN
buffer layer
20 nm 
nucleation   
layer
V/III = 100
V/III = 50
T (°C)
970
1277
Time
5 min 20 min
Pure H2 ambient
30 -60 min
V/III = 8000
1050
AlN 
interlayer 
150 nm 
300 nm
Figure 7.13: Modified growth sequence. As highlighted, an AlN interlayer is introduced
between the nucleation layer and the HT-AlN buffer (#AlN-6).
To tackle the dislocation density, an AlN interlayer was introduced (Fig. 7.13), as it
was also shown by Behmenburg [51]. This interlayer is grown on top of the nucleation
layer at 1050◦C and with a high V/III ratio of 8000. The growth conditions for the AlN
interlayer result in a reduced mobility of the ad-atoms – compared to that of the HT-
AlN buffer layer – and VW growth (see section 2.2.4) occurs [125]. As a consequence of
the pronounced 3D growth, in-plane strain introduced by the lattice mismatch and by
coalescence of the nuclei in the nucleation layer is relieved. Further, dislocations may
bent and annihilate by forming dislocation loops [126]. In [127, 128], annihilation of
dislocations by the formation of macrosteps is proposed. A reorientation of dislocations
occurs when a macrostep comes in contact with a dislocation and causes its redirection.
First, the impact of interlayer thickness on a fixed buffer thickness in studied, followed by
an investigation of an increased buffer thickness. A sample overview is given in Tab. 7.3
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Sample
AlN interlayer thickness HT-AlN thickness
(nm) (µm)
#AlN-6-A 0 0.6
#AlN-6-B 150 0.6
#AlN-6-C 300 0.6
#AlN-6-D 150 1.2
Table 7.3: Sample overview for different combination of interlayer and buffer layer
thickness.
Comparing buffer layers, with and without interlayer, an improvement for the FWHM
of the (1012) reflex is observed (Fig. 7.14).
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Figure 7.14: Impact of AlN interlayer thickness on XRD FWHM.
As the interlayer introduces a surface roughness, this roughness affects the morphol-
ogy of the AlN buffer. The growth of a thick buffer layer with these growth conditions
would lead to an undesired surface roughness. By growing a buffer layer on top with a
V/III ratio of 100 and a growth temperature of 1277◦C, the surface can be smoothened
again. The AFM scans in Fig. 7.15 illustrate the impact of the interlayer thickness on
morphology. By introducing the interlayer, a higher pit density is observed, which is not
desired and increases with interlayer thickness. The higher pit density can be attributed
to a promoted 3D growth during the interlayer deposition and therefore increased rough-
ness. As the roughness of the interlayer is expected to increase with interlayer thickness,
the buffer layer is not completely coalesced for a buffer thickness of 600 nm.
To benefit, despite the surface roughening, from the addition of the interlayer, an
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N0622N0623N0621
1.0µm 1.0µm
9.90 nm
0.00 nm
1.0µm
No interlayer 150 nm interlayer 300 nm interlayer 10 n
0 nmRMS = 1.23 nm RMS = 2.1 nm RMS = 4.5 nm#AlN-6-A #AlN-6-B #AlN-6-C
Figure 7.15: Impact of AlN interlayer thickness on a 600 nm AlN buffer morphology.
Scan area: 5 × 5 µm2.
interlayer thickness of 150 nm was chosen. By this, an improvement in terms of crys-
tal quality is obtained and the surface roughness not too pronounced. To obtain an
atomically smooth surface, the thickness of the buffer layer was doubled to 1.2 µm, see
Fig. 7.16. As displayed by AFM scans (Fig. 7.16), the film is completely coalesced and
does not show any pits, but step bunching is observed.
1.0µm
10.00 nm
0.00 nm
1.0µm
0.6 µm HT-AlN buffer 1.2 µm HT-AlN buffer 1  nm
0 nmRMS = 2.1 nm RMS = 2.2 nm#AlN-6-B #AlN-6-D
Figure 7.16: Impact of thickness of AlN buffer, grown on a 150 nm thick interlayer. Scan
area: 5 × 5 µm2.
Due to the low V/III ratio and a high growth temperature of 1270◦C, the diffusion
length of ad-atoms is larger than the terrace width, given by the substrate miscut angle
of 0.3◦. Comparing the pattern of an AlN surface of the 1.2 µm thick buffer (Fig. 7.16) to
etched sapphire surfaces (Fig. 7.7, series #AlN-2), a similarity is apparent. The miscut
of the substrate defines the orientation of the supersteps on the AlN surface. Referring
to chapter 2.2.4, a negative ES barrier can be assumed. Smaller terraces ’merge’ to
steps of the height of several monolayers. Once the terrace width is larger than the
diffusion length, nucleation on the terrace takes place and local step flow occurs, as
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seen in Fig. 7.16, #AlN-6-D. By introducing an AlN interlayer, the dislocation density
was significantly reduced caused by the pronounced VW growth of this interlayer. As a
consequence, a thicker buffer layer is required when using this kind of interlayer to obtain
a pit-free surface. By balancing the thickness of interlayer and buffer layer, here a 150 nm
thick interlayer and a 1.2 µm thick buffer layer were chosen as the best compromise for
dislocation and surface morphology with a dislocation density of 1.4×109 cm−2.
7.2.3 Impact of growth temperature and substrate miscut on AlN
morphology
For a high growth temperature (here: 1277◦C) and a low a V/III ratio (here: 100), step
bunching is observed, caused by a diffusion length greater than the terrace width of the
substrate. Therefore, step bunching can be avoided by reducing the diffusion length.
One possibility is to increase the V/III ratio and hence to reduce the lifetime of a group
III ad-atom on the surface. An alternative at a fixed V/III ratio (here: 100) is to reduce
the growth temperature. As displayed in Fig. 7.17, for this series, the same layer stack
consisting of a 150 nm AlN interlayer and a 1.2 µm thick HT AlN buffer was used. To
address the morphology of the AlN buffer layer, the HT-buffer layer growth temperature
was changed from 1270◦C to 1241◦C, 1215◦C and 1165◦C. In a further study, at a fixed
buffer growth temperature of 1241◦C, substrate miscut is varied to study its impact.
The growth sequence is shown in Fig. 7.17 and a sample overview is given in Tab. 7.4.
No 
Thermal 
cleaning
1.2 µm       
HT-AlN 
buffer layer20 nm 
nucleation   
layer
V/III = 100
V/III = 50
T (°C)
970
Time
5 min 40 min
Pure H2 ambient
30 min
V/III = 8000
1050
AlN 
interlayer 
150 nm
1277
T (°C)
1215
1165
Figure 7.17: Growth sequence for HT-AlN growth temperature and substrate miscut
investigation (#AlN-7).
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Sample
AlN interlayer HT-AlN AlN buffer growth miscut
thickness (nm) thickness (µm) temperature ◦C angle
#AlN-7-A 150 1.2 1165 0.3◦
#AlN-7-B 150 1.2 1215 0.3◦
#AlN-7-C 150 1.2 1241 0.3◦
#AlN-7-D 150 1.2 1277 0.3◦
#AlN-7-E 150 1.2 1241 0.35◦
#AlN-7-F 150 1.2 1241 0.2◦
Table 7.4: Sample overview for different combination of buffer growth temperature and
substrate miscut.
By reducing the surface temperature from the reference grown at 1277◦C to 1241◦C,
step bunching with a lower step height is observed. At 1215◦C, step bunching disappears
and a step-flow pattern is established, see Fig. 7.18.
Comparing the RMS roughness, it is reduced from 2.1 nm (T=1277◦C) to 0.9 nm
(T=1241◦C) and 1.1 nm (T=1215◦C). An additional reduction in temperature leads to a
non-coalescenced film with deep pits and an RMS value of 5.6 nm. When evaluating the
impact on XRD FWHM (Fig. 7.19), a clear influence of buffer growth temperature can
be found. With decreasing temperature, a broadening of the (0002) reflex is observed,
and the FWHM increases significantly from 290 arcsec to 405 arcsec. For (1012), no
clear trend is observed and a change within only 92 arcsec is determined.
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15.00 nm
0.00 nm
1.0µm
80.00 nm
0.00 nm
1.0µm
7.00 nm
0.00 nm
1.0µm
80 nm 7 nm
15 nm
0 nm 0 nm
0 nm
1165°C 1215°C
1277°C
RMS = 5.6 nm RMS =1.1 nm
RMS = 2.2 nm
#AlN-7-A
#AlN-7-D
#AlN-7-B
1241°C
10.00 nm
0.00 nm
1.0µm
10nm
0 nmRMS = 0.9 nm
#AlN-7-C
Figure 7.18: 5 × 5 µm2 AFM scans for 1.2 µm thick AlN buffer on substrates with
same miscut angle of 0.3◦ and different temperature during an HT-AlN
buffer growth.
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Figure 7.19: XRD FWHM as a function of HT-AlN buffer growth temperature.
97
7 Growth of AlN in a hot-wall system
As step bunching is related to the initial terrace width of the substrate, the impact of
substrate miscut was varied for samples #AlN-7-D,E,F at a temperature of 1241◦C. In
Fig. 7.20, the morphology of these films is displayed.
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Figure 7.20: 5 × 5 µm2 AFM scans for 1.2 µm thick HT-AlN buffers on substrates with
different miscut angles towards [1010]. All sample have been deposited in
the same run with an AlN buffer growth temperature of 1241◦C. Below the
AFM scans, a typical line scan of a terrace step is shown to illustrate the
impact of substrate miscut.
Step bunching is observed for all three AlN films. The terrace width of the AlN buffer
layer is similar for all three samples, but the step height shows a dependency of miscut
angle. As an average out of three steps, for a miscut of 0.2◦, a step height of 0.61 nm, for
0.3◦ 1.7 nm and for 0.35◦ 2.3 nm are determined. For identical process conditions and a
low miscut angle, less initial terraces have to merge to form the observed large terraces.
To obtain a smooth surface, a low miscut angle is favorable. The defect density, derived
from rocking curve measurements, was not affected by the miscut variation. Samples
with a miscut of 0.2◦ and 0.3◦ showed identical FWHM, with 247 arcsec for the (0002)
and 720 arcsec for the (1012). The FWHM for the sample grown on the substrate with
the highest miscut was slightly higher (295 arcsec/750 arcsec), but the substrate has
been provided by a different supplier which complicates an interpretation.
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A miscut towards a different direction other than the [1010] might change the ES
barrier and therefore step height.
To summarize, as shown in Fig. 7.19, a higher AlN buffer growth temperature sig-
nificantly reduces the dislocation density, but promotes undesired step bunching. To
maintain a high growth temperature while avoiding pronounced step bunching, a small
substrate miscut angle can be used to obtain a terrace width larger than ad-atom diffu-
sion length. By this, both, dislocation density and surface morphology, can be optimized.
7.3 Summary
The growth of AlN on α-Al2O3 in an AlN-coated and a coating-free reactor was com-
pared. In an AlN-coated reactor, film polarity and XRD results turned out to be highly
non-reproducible. By removing all AlN coating prior to every growth process, repro-
ducible reactor conditions are established. In a coating-free reactor, a completely dif-
ferent behavior for the nucleation of AlN on α-Al2O3 is observed. A nitridation of the
sapphire surface is taking place, caused even by small amounts of N2 which has not been
observed before. This nitridation led to growth of N-polar AlN films with a high surface
roughness. When avoiding this unwanted nitridation, a decomposition of α-Al2O3 in H2
occurs during the desorption step. O is removed from the topmost layer and an Al-rich
surface is therefore established. As a consequence, this Al-rich surface provides a high
density of nucleation sites, leading to a high defect density of the HT-AlN buffer layer.
Removing the desorption step from the process sequence, an Al-rich surface was obvi-
ated and due to a reduced nucleation site density, the dislocation density of the HT-AlN
buffer grown on top, largely reduced. The lowered nucleation site density required a
thicker HT-AlN layer to coalesce, as the distance of the nucleation sites was increased.
Comparing these findings to the results obtained in an AlN-coated reactor, a strong
evidence is found that the nucleation site density and polarity in an AlN-coated reactor
are mainly dominated by the thermal cleaning step. Deposition of a nucleation layer
was optimized in terms of V/III ratio and temperature. A process window for Al-polar
film growth was defined. With increasing nucleation layer growth temperature, a higher
reactivity of NH3 requires a lower V/III ratio to avoid an undesired nitridation of the
α-Al2O3 surface. The defect density of the HT-AlN buffer was addressed by an AlN
interlayer between nucleation layer and HT-AlN buffer layer. A pronounced VW growth
for the interlayer reduced the defect density – noticed by a narrower (1012) reflex – but
also affected surface morphology. The impact on both, defect density and surface mor-
99
7 Growth of AlN in a hot-wall system
phology, is interlayer thickness depended and required an optimization of interlayer and
buffer layer thickness. A good compromise was found for an 150 nm thick interlayer.
The introduced surface roughness was smoothened by a 1.2 µm thick HT-AlN buffer
layer and an atomically smooth surface observed.
For a low V/III ratio, in combination with a high growth temperature, step bunching
occurred and explained by a negative ES barrier. The step bunching disappeared when
lowering the miscut angle of the substrate or reducing the growth temperature resulting
in an atomically smooth surface. A lower miscut offers the advantage to increase growth
temperature, which is beneficial for a lower FWHM of the (0002) reflex. By successfully
optimizing all parameters of the growth sequence, the dislocation density was finally
reduced from 2×1010 cm−2 to 1.4×109 cm−2.
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In this thesis, a new hot-wall MOVPE reactor with an actively heated, independently
temperature-controlled ceiling was introduced for growth of group III nitrides. This
high-temperature system enables to study process parameters, which are not accessible
in conventional MOVPE reactors. To explore the advantages and limits of this sys-
tem, growth of GaN was studied as a function of ceiling temperature. A window was
defined for ceiling temperatures during deposition of GaN, with a maximum setpoint
temperature of 1000◦C.
Further, the system allows modifying the conventional MOVPE growth of group III
nitrides. By combining the heated ceiling with a three-level injector, for the first time,
HCl was added to a conventional MOVPE process of group III nitrides. The formation
of undesired NH4Cl was avoided by using a separate delivery of HCl and NH3, combined
with a gas separation channel. Therefore, it was possible to study the impact of HCl
during growth of GaN and AlN. It was found that parasitic gas phase losses can be
prevented. For the growth of GaN, a small ratio of HCl to TMGa (0.04 - 0.16) is
sufficient to suppress parasitic gas phase losses. The required HCl-to-TMGa ratio to
eliminate parasitic losses was found to be pressure-dependent as parasitic reactions are
more pronounced at higher pressure. As an explanation, etching of gas phase particles
or the conversion of Ga-containing particles to GaCl is considered. With this HCl-
assisted growth, high growth rates (16 µm/h ) at reactor pressures up to 900 hPa were
possible, which were not achievable before and exceeding growth rates in commercial
reactors. A comparison of layers grown with and without HCl showed no difference in
terms of carrier mobility or morphology. GaCl, formed by a reaction of HCl with gas
phase particles or parasitic depositions, does not contribute to growth, as it is expected
by thermodynamics due to too high H2 and HCl partial pressures. For the growth of
GaN, etching of GaN was observed during growth, limiting the HCl-to-TMGa ratio.
First, etching of parasitic depositions occurred, followed by etching of the GaN film on
the substrate. This behavior was exploited to significantly reduce parasitic depositions
formed on the susceptor surface during growth. The growth on the substrate was not
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affected up to a certain HCl flow, and HCl addition may be considered as a method to
reduce parasitic depositions.
For the growth of AlN, a much higher HCl-to-TMAl ratio was needed to avoid parasitic
losses. But using a high ratio allowed to quadruple the reactor pressure – without
changing the carrier gas flow – which may allow in future to investigate the growth of AlN
at higher pressures. A significant etch rate on GaN for a too high HCl-to-TMGa ratio
and a large required HCl-to-TMAl ratio for the growth of AlN prohibited to apply the
HCl-assisted growth technique to ternary AlGaN films. As predicted, Ga was selectively
etched before the required HCl-to-TMAl ratio to suppress GPN was reached, and GPN
during growth of AlGaN was not suppressed.
Overall, this HCl-assisted approach may be used for binary alloys to access higher reactor
pressures, without increasing carrier gas flows.
To understand the etching mechanism of HCl on GaN and AlN, a comprehensive
study was conducted and different etch mechanisms were found for etching GaN and
AlN. During etching of GaN by HCl in H2, first a thermal decomposition of the film into
Ga and NH3 occurs, followed by a reaction of HCl and Ga on the surface. Here, a Ga-rich
surface turned out to be beneficial to accelerate the limiting reaction, the decomposition
of GaN and formation of NH3. It was shown that with a pulsed supply of HCl, a Ga-rich
surface was maintained. The etch rate was significantly enhanced by even reducing the
amount of reactive HCl by up to 92%. For etching AlN, much higher temperatures were
needed and also higher HCl flows to obtain reasonable etch rates. Here, a reaction of
HCl with Al on the AlN surface was identified as limiting reaction. Etching in H2 with
HCl leads to the formation of NH3 which result in a stabilization of the AlN surface.
Also, a re-deposition of AlN on AlN-side facets has to be considered. By substituting
H2 by N2, the formation of NH3 is prevented and thus the undesired stabilization of the
AlN surface during etching. This significant difference in etch rate, caused by a different
decomposition behavior and a stronger Al-N bond, may also explain the difference in the
required HCl-to-TM(Al,Ga) ratio for HCl-assisted growth. Gas phase particles formed
during growth of GaN will be much faster etched by HCl than those containing Al.
For the application of an in-situ etch, the etch rate on AlN turned out to be not sufficient
and requires a too high temperature. Cl2 is instead shown to allow for a much higher
etch rate. No difference between AlN and GaN was found here, and etch rates above
20 µm/h at moderate temperatures open a process window for an in-situ clean, which
is already implemented for industrial applications on the basis of this study.
For growth of AlN buffers on sapphire, the hot-wall system enabled, due to its high-
102
temperature capability, a removal of any residual depositions by a high-temperature
bake. This was the basis to investigate the impact of parasitic deposition on the nucle-
ation process of AlN on α-Al2O3. It was observed that these depositions can cause an
uncontrollable drift in nucleation layer growth. Ensuring reproducible nucleation con-
ditions by removing these depositions, the growth of AlN on α-Al2O3 was successively
optimized and a study of all process steps of HT-AlN was conducted. A nitridation
of α-Al2O3 was observed when small amounts of N2 were added in H2, which has not
been reported so far. The formed AlN protected the sapphire from being attacked by
H2. When avoiding the unintentional nitridation, etching of the α-Al2O3 surface was
observed, starting at a temperature of 1150◦C. By selectively removing O from the
Al2O3 crystal, an Al-rich surface is formed, resulting in a high density of nucleation sites
for the growth of AlN. Due to coalescence of this high density of nucleation sites, the
buffer layers grown on these nuclei exhibit a defect density of 2.3×1010 cm−2. Reducing
the nucleation site density by avoiding an Al-rich surface, a reasonable defect density
of 4×109 cm−2 is obtained. A further improvement of dislocation density is achieved
when using an AlN interlayer before the deposition of the HT-AlN buffer layer, down
to 1.4×109 cm−2. With this layer, a certain roughness is introduced, leading to disloca-
tion annihilation. After adjusting interlayer and HT-AlN buffer thickness, an atomically
smooth surface was observed, but on a step-bunched surface. A variation of substrate
miscut showed a clear impact of step height and was explained by a negative Ehrlich-
Schwoebel barrier. Reducing the growth temperature yielded a step-flow pattern on the
surface. When increasing the growth temperature, a smaller miscut can enlarge the
process window for step flow and avoid a step bunching. Further advancements in buffer
structure are necessary to still improve the defect density to compete against AlN single
crystals.
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